
NASA CR 72665 

N OP 

by 

A . N .  P o p e  and C . C .  Moore 

DESIGN TECHNOLOGY OPERATION 

GENERAL ELECTRIC COMPANY 

prepared for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

NASA-Lewis R e s e a r c h  C e n t e r  

C o n t r a c t  NAS 3-10490 

Dennis P. T o w n s e n d ,  P r o j e c t  Manager 



NOTICE 

Th is  report was prepared as an account o f  Government sponsored 
work. Neither the United States, nor the National Aeronautics 
and Space Administration (NASA), nor any person acting on 
behalf o f  NASA: 

a,) Makes any warranty or representation, expressed or 
implied, wi th respect to the accuracy, completeness, 
01 usefulness of the information contained in  th is 
report, or that the use o f  any information, apparatus, 
method, or process disclosed in  this report may not 
infringe privately owned rights; or 

8.) Assumes any liebilit s with respect to the use of, 
or for domoges resul ng from the use o f  any infor- 
motion, apparatus, method or process disclosed i n  
this report. 

As  used above, 'person acting on behalf of NASA" includes 
ony employee or contractor of NASA, or employee of such con- 
tractor, to the extent tho? such employee or controctor of NASA, 
or employee o f  such contractor prepares, disseminates, or 
provides access to, any informotion pursuant to his employment 
or contract wi th NASA, or h is  employment with such controctor. 

Requests f o r  copies of this report should be referred to 

National Aeronautics and Space Administration 
Office of Scientific and Technical Information 
Attention: AFSS-A 
Washington, D. C. 20546 



NASA CR 72665 

FINAL REP0 

MPRESSOR END SEAL TEST NO DEVELOPMENT 

b Y  

A.N. Pope and C.C. Moore 

DESIGN TECHNOLOGY OPERATION 
GENERAL ELECTRIC COMPANY 
Cincinnati, Ohio 45215 

prepared for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

July 1970 

k 

Contract NAS 3-10490 

NASA-Lewis Research Center 

Cleveland, Ohio 

Dennis P. Townsend, Project Manager 





The research described he re in  which was conducted by t h e  General 
E l e c t r i c  A i r c r a f t  Engine Group, w a s  performed under NASA Contract 
NAS 3-10490. The work was done under t h e  management of t h e  NASA Program 
Manager, M r .  D.P. Townsend, of t h e  NASA-Lewis Research Center. Acknow- 
ledgment f o r  t e c h n i c a l  a s s i s t a n c e  i s  made t o  L.P. Ludwig of NASA-Lewis 
Research Center and t o  H. Lindeboom of Sea lo l  Corporation. 

iii 





TABLE OF CONTENTS 

S e c t i o n  Page - 
TABLE OF CONTENTS 

LIST OF FIGU€?ES 

ABSTRACT 

I SUMMARY 

I1 INTRODUCTION 

I11 TASK I - TEST R I G  MODIFICATIONS 

A. Bypass  L i n e s  
B. The Or ig ina l  H y d r o s t a t i c  Bot tom B e a r i n g  
C. The -333 S e a l  Assembly 
D. The -131 S e a l  Assembly 
E. The NASA CD847985 S e a l  Assembly 
F. The F l igh t -Weigh t  S e a l  Assembly 

I V  TASK I1 - SEAL DESIGN AM) DEVELOPMENT 

A. The -333 S e a l  
B. -131 H y d r o s t a t i c  S e a l  
C. CD847985 S e a l  

V TASK I11 - EXPERIMENTAL EVALUATION 

A. Room Tempera ture  S t a t i c  T e s t s  
1. -333 S ta t i c  T e s t s  
2. -131 S e a l  S t a t i c  T e s t s  
3. CD847985 S t a t i c  T e s t s  

B. Room Tempera tu re  D y n a m i c  T e s t s  
1. -131 Seal Room Tempera tu re  Dynamic T e s t s  

C. H o t  Dynamic T e s t i n g  
1. -131 S e a l  

V I  TASK I V  - FLIGHT-WEIGHT DESIGN AND TEST 

A. D e s i g n  
1. H y d r o s t a t i c  S e a l  

a. P r e s s u r e  D e f  l e c t i h n s  
b. A i r  Leakage ,  Film T h i c k n e s s  and 

c. Thermal  C l e a r a n c e  
Se rvof  orces 

v i  i 

x i  

1 

2 

3 

12  

12 
16  
28 

31 

31 
31 
34 
39 
48 
48 
57 
57 

69 

69 
69 
69 

73 
73 

V 



Sect ion  Page 
-_. 

2. Pis ton  Ring 
a. Pressure Balance 
b. End Gap Clearance 

a. I n t e r i a  Force 
b. Pressure Moments 
c .  Centr i fuga l  Rotat ing 
d. Spl ine  P i l o t  Design 

3. Race Design 

4. General Thermal Considerations 
S t a t i c  Tes t s  of Flight-Weight D e s i g n  B. 

C. Room Temperature Dynamic Tests, Flight-Weight Sea l  
D. Hot Dynamic T e s t s  

V I  I CONCLUSIONS 

APPENDIX I Steady S t a t e  Temperature Gradients for 
t h e  Sea l  and Housing 

77 
77 
79 
79 
79 
81 
81 
83 
85 
86 
90 
94 

111 

113 

APPENDIX I1 Symbols 

V i  

119 



LIST OF ILLUSTRATIONS 

Figure 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9.  

10. 

11. 

12.  

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

Dynamic Test  Rig and A i r  Turbine Drive 

T e s t  Rig and Air-Bearing Disk 

-131 Seal and Seal Housing I n s t a l l a t i o n  

Dynamic T e s t  Rig Assembly 

Dual -131 Seal  Assembly 

NASA CD847985 Seal  Assembly 

Dual F1 igh t  - W e i  ght Seal  Assembly 

-333 Seal  Assembly 

-333 Seal  Sect ion 

Film Thickness V s .  Load for -333 Seal  

Pressure Balance on -333 Seal  

-131 Seal  ho V s .  AF for Stepped Face 

-131 Face Leakage V s .  Seal QP (Stepped Face) 

-131 Seal ho V s  AF for Tapered Face 

-131 Face Leakage V s .  Seal AP (Tapered Face) 

CD847985 Seal 

NASA CD847985 Hydrodynamic Face Seal  

S t a t i c  T e s t  Data for -333 Seal 

Page 

4 

- 

10 

11 

13 

1 4  

15 

17 

23 

25 

26 

27 

29 

30 

32 

Measured Flow for -333 Seal V s .  Supply Pressure 33 

Film Thickness and T i l t  Extension V s .  Pressure for -333 
Se a1 35 

P i s ton  Ring Leakage V s .  Supply Pressure for -131 Step 
Se a1 36 

k 

Measured Face and P i s ton  Rig Flow for -131 Seal V s .  Supply 
Pressure 37 

v i i  



LIST OF ILLUSTRATIONS (Continued) 

Page - Figure 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33: 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

Bottom Bearing, Flange, Face, and Pis ton  Ring Leakage, 
-131 S t a t i c  Check 

Disk Pressure Difference f o r  Lower Bearing Touchdown, 
-131 Seal 

Film Thickness V s .  Film Force f o r  Various Supply 
Pressures ,  -131 Seal 

A i r  Film Thickness V s .  Hydrostat ic  Flow, CD847985 Seal 

A i r  Film Thickness Vs. '  Hydrostat ic  Supply Pressure ,  
CD847985 Seal 

Hydrostat ic  Supply Pressure V s .  Flow, CD847985 Seal 

System Leakage V s .  Hydrostat ic  Pressure ,  CD847985 Seal 

-131 Seal Assembly Showing P l a t i n g  Damage on Seal Face 

-131 Seal Face P l a t i n g  Damage Af te r  Dynamic T e s t  

P l a t i n g  Damage on Air-Bearing Disk Top Face 

P l a t i n g  Damage on Air-Bearing Disk Bottom Face 

Face P l a t i n g  Damage - Tes t  Rig Air-Bearing 

-131 Seal  and Tester Damage 

Measured Operating Flowpath, -131 Seal 

Vent H o l e  Modification f o r  Disk 

Tota l  A i r  Leakage V s .  I n l e t  Pressure f o r  -131 Seal 

Total A i r  Leakage V s .  Disk Speed f o r  -131 Seal 

Transient  Base Temperature 

Transient  A i r  Manifold Temperature 
1. 

Transient  Base Temperature 

Bottom Air-Bearing Modification 

38 

40 

41 

42 

43 

44 

47 

49 

50 

51 

52 

53 

54 

56 

58 

59 

60 

61 

62 

63 

65 

v i i i  



LIST OF ILLUSTRATIONS (Continued) 

Page - Figure 

44. Bottom -131 Seal  with Titanium-Aluminum Oxide Spray 67 
P1 a t  i n g  

45. Hydros ta t ic  Seal  Pressure  Forces 70 

46. Flight-Weight Seal A i r  Leakage R a t e  V s .  Seal  AP 74 

47. Flight-Weight Seal Servo Forces V s .  A i r  Film (h,) 
Calcula ted  f o r  0.0006-Inch Step Height 75 

48. AF V s .  Film Thickness Showing E f f e c t  of Seal  E c c e n t r i c i t y  76 

49. P i s ton  Ring Forces 78 

50. Seal  Race Pressure  Forces 82 

51. Film Thickness of Flight-Weight Seal  V s .  Seal AP 87 

52. Face Leakage V s .  I n l e t  Pressure f o r  Flight-Weight S e a l ,  
0.00133-Inch Step Height 88 

53. 4140 Disk, Bottom, with Flame-Sprayed P l a t i n g  91 

54. 4140 Disk, Top, with Flame-Sprayed P l a t i n g  92 

55. Flight-Weight Seal  and System Leakage V s .  AP 93 

56. Measured Flow for Two Flight-Weight Seal  V s .  Supply 
Pressure  f o r  0.0006-Inch Step Height 95 

57. Thermal D i s t o r t i o n  of Flight-Weight Sea ls  97 

58. Flight-Weight Seal  Assembly S t a t i c  Leakage a t  Room 
Temperature, Two Sea l s  and Two P i s ton  Rings 99 

59. Flight-Weight Top Seal  Af t e r  Hot Dynamic Test 100 

60. Flight-Weight Top Seal  A f t e r  Hot Dynamic Test P l a t i n g  
Flaked O f f  101 

61. Flight-Weight Seal  Race Showirkg Rubbed Area Af te r  Hot 
Dynamic Test  102 

62. Flight-Weight Seal Race and Disk (Top) A f t e r  Hot Dynamic 
T e s t  103 

i x  



LIST OF ILLUSTRATIONS (Concluded) 

Figure - 
63. Flight-Weight Bottom Seal After Hot Dynamic Test 

64. 

65. Flight-Weight Seal Balance Diameters After Hot Test 

Flight-Weight Disk Bottom After Hot Dynamic Test 

Page 

105 

- 
106 

109 

X 



ABSTRACT 

Two new types  of me ta l l i c ,  hydros ta t ic  compressor end seals (22 
inches i n  diameter) were designed, manufactured, and t e s t e d  up t o  600 
f t / s e c ,  1000°F, and 175 psig. A hydrodynamic type w a s  a l s o  evaluated. 
Compared t o  l abyr in th  seals, a 20 t o  1 reduct ion i n  flow w a s  achieved. 
These seals operated without contac t  a t  a f i l m  th ickness  less than 0.001 
inch,  using hydros t a t i c  a i r -bear ing  p r inc ip l e s ,  and are intended for  use 
i n  aircraft  gas tu rb ines  and r e l a t e d  equipment. 
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SECTION I 

Type 

- 131 
Flight-Weight - 131 
Flight-Wei ght 

SUMMARY 

Max. Max. Max. 
Speed Temp Press.  
(RPW (OF) (PSI G) Hours 

4000 70' k 175 8.33 
4185 70' 175 3.61 
6200 750° 170 6.04 
1820 1010' 168 0.16 

The program c o n s i s t s  of design and/or operat ion of fou r  seal types.  
The four  seal types were i d e n t i f i e d  as: 

1. The -333 seal; an inherent ly  compensated hydros t a t i c  seal. 

2. The -131 seal; a hydros ta t ic  s t e p  seal. 

3. The NASA CD847985 designed seal; a Raleigh s t e p  s e a l .  

4, The Flight-Weight S e a l ;  a l ightweight  hydros ta t ic  s t e p  s e a l .  

The -333 seal was s t a t i c a l l y  t e s t e d  and discarded from the program 
a t  an e a r l y  s t age  because of the  high leak rates inherent  i n  t h i s  design. 
The -131 seal was carried through the  e n t i r e  program and run s t a t i c a l l y ,  
dynamically up t o  4,000 rpm a t  70°F, and dynamically up t o  6,200 rpm a t  
750'F. 
t he  e f f ec t iveness  of the hydros ta t ic  l i f t o f f  f e a t u r e  and was returned for 
rework of t h e  seal f ace  vent  t o  prevent opening a t  opera t ing  pressure 
l eve l s .  Due t o  damage received during modif icat ion,  f u r t h e r  t e s t i n g  w a s  
not possible .  The fl ight-weight seal design w a s  run s t a t i c a l l y ,  dyna- 
mical ly  t o  4,186 rpm and 70°F, and dynamically t o  1,826 rpm, 10IO°F, and 
168 psig.  

The NASA design seal, CD847985, was t e s t e d  s t a t i c a l l y  t o  determine 

The program came c l o s e  t o  the goal  of 20-1 reduct ion i n  flow rate 
through a compressor discharge seal. During the  las t  f l ight-weight  
buildup, a flow rate equivalent  t o  a 0.0013-inch height  gap i n  a laby- 
r i n t h  s e a l  was obtained. This flow rate can be compared t o  a 3.5-lb/sec 
leakage a t  750'F which was experienced on a l aby r in th  s e a l  of t he  same 
diameter opera t ing  a t  c learances  i n  o lde r  models of t h e  579 engine,  or 
an equivalent  gap height  of 0.0246 inch. The demonstrated improvement 
was the re fo re  19 t o  1. 

the  
The following t a b l e  summarizes the  t o t a l  dynamic t e s t i n g  done during 

program : 



SECTION I1 

I NTRODUCTI ON 

p a r a s i t i  l eak  This  program is  concerned with reducing t h  ge from 
compressor end seals i n  a i r c r a f t  gas tu rb ine  engines.  I n  the pas t ,  the 
problem of compressor discharge seal. leakage has been solved using laby- 
r i n t h  seal technology. This  type of seal has  been improved through the 
use of s p e c i a l  tooth designs,  s e l ec t ed  rubbing ma te r i a l s ,  and c l o s e  c o n t r o l  
of stator and r o t o r  thermal, i n e r t i a l ,  and pressure de f l ec t ions  t o  permit 
opera t ion  with minimum clearance.  A t  t h i s  t i m e ,  use of t he  b e s t  technology 
allows 1% of t o t a l  engine weight f l o w  f o r  compressor discharge s e a l  para- 
s i t i c  leakage, and any f u r t h e r  gain appears marginal by l abyr in th  seal. 

Recently, t h e  r e s u l t s  of design ana lys i s  and development t e s t i n g  of 
high-speed f ace  seals which operate  on air-bear ing p r inc ip l e s ,  show 
promise of reducing compressor discharge seal leakage flows by a f a c t o r  
of a s  much a s  20 t o  1. The p o t e n t i a l  performance improvement of fe red  by 
four  air-bearing-type seals i s  inves t iga ted .  I n  addi t ion ,  a new f l i g h t -  
weight design i s  developed and t e s t e d  a t  cons idera t ions  up t o  40,000 fpm, 
1000-1200°F, and 175 psig.  

2 



SECTION I11 

TASK I - TEST R I G  MODIFICATIONS 

A. Bypass Lines 

Figure 1 i s  a photograph of t he  test r i g  before  modification t o  
inc lude  bypass l i n e s  which permitted hot a i r  t o  be admitted i n t o  t h e  
upper and lower sec t ions  of t he  d i sk ,  bypassing t h e  s e a l ,  and allowing 
t h e  r i g  t o  come t o  temperature more rap id ly .  There are four  two-inch 
l i n e s  on t o p  of t he  d i sk  t o  exhaust seal leakage from t h e  t o p  s e a l ,  and 
four  two-inch l i n e s  on the  bottom of the  r i g  t o  exhaust seal leakage from 
t h e  bottom seal /bear ing.  These flows are combined i n t o  a l a r g e r  four-inch 
l i n e  and exhausted up a s tack .  The hot -a i r  i n l e t  e n t e r s  t he  bol ted  two-  
inch f lange  t o  the  l e f t  of the test r i g ;  a similar opening e x i s t s  180' 
away. The modif icat ion cons is ted  of i n s t a l l i n g  two one-inch valves  on 
e i t h e r  l i n e  and d i r e c t i n g  hot gases i n t o  the  top  and bottom of the  test  
r i g ,  using one of t h e  two-inch exhaust l i n e s  as an entrance port .  La ter  
i n  the  program, mul t ip le  one-inch l i n e s  were introduced around the cir- 
cumference of the  seal manifold t o  permit a more uniform d i s t r i b u t i o n  of 
a i r  i n l e t  temperature. 
two-inch w a l l  and i n s t a l l i n g  these  l i n e s .  These modifications were 
successfu l ,  and temperatures over 1000°F, without the use of i n su la t ion  
on t he  test r i g ,  were obtained. 

This  w a s  accomplished by d r i l l i n g  and tapping the  

B. The Or ig ina l  Hydrostat ic  Bottom Bearing 

Figure 2 shows the test r i g  p a r t i a l l y  disassembled w i t h  t he  two two- 
inch  i n l e t  l i n e s  a t  3 o 'c lock and 9 o'clock i n  the manifold. The o r i g i n a l  
inherently-compensated a i r  bear ing (which served as a bottom bearing f o r  
t he  test r i g )  i s  shown w i t h  200 0.04-inch diameter a i r  i n l e t s .  
scheme w a s  modified la ter  i n  the  program t o  permit t h e  use of a f l o a t i n g  
sea l /bear ing  which w a s  less s e n s i t i v e  t o  temperature grad ien ts  i n  the  
base. The r o t a t i n g  d i s k  i s  a l s o  shown i n  Figure 2. This  d i s k  w a s  made 
from AIS1 4140 steel  f o r  the 750'F hot t e s t i n g  and from A286 f o r  t h e  
t e s t i n g  above 1000'F. Figure 3 shows the  next l e v e l  of assembly of t he  
test r i g ,  before  i n s t a l l a t i o n  of the top  p l a t e  and a i r  tu rb ine  dr ive .  

This 

The a i r  tu rb ine  d r i v e  i s , a n  8-inch a i r  t u rb ine  which can produce 25 
horsepower a t  t h e  test speed of 7,200 rpm with 200 ps ig  a i r  i n l e t .  This 
i s  about t h e  f r i c t i o n  p o w e r  consumed by the  r o t a t i n g  d i sk  and s e a l  shear 
areas  i n  750°F a i r  a t  7,200 rpm. The assembly i n  Figure 3 shows the seal 
housing and -131 seal i n  a r e t r a c t e d  pos i t ion ,  held by sp r ing  loads.  The 
app l i ca t ion  of about 10 ps ig  a i r  pressure caused the s e a l  t o  s e a t ,  de- 
pending upon the  number of spr ings  used. 

3 



4 



5 



6 



C. The -333 S e a l  Assembly 

The test r i g  assembly representa t ive  of m o s t  t e s t i n g  of this seal i s  
shown i n  Figure 4. Modifications were made f o r  each seal, and these  are 
described f u r t h e r  i n  t h e  text .  This  s ec t ion  shows the s h a f t  which w a s  
r a d i a l l y  and a x i a l l y  located by two b a l l  bear ings (Item 5) and the r o t a t i n g  
d i sk  ( I t e m  8). 
t h e  c i rcumferent ia l  manifold area. The seal (Item 13) shown i n  t h i s  
assembly drawing w a s  not used i n  t h e  program, but similar d e t a i l s  of test 
seals w i l l  be shown i n  a f u r t h e r  sec t ion .  The bottom support  bear ing 
shown a t  Ag as an inherently-compensated bear ing w a s  later replaced with 
a f l o a t i n g  s t e p  bear ing which f r eed  t h a t  sur face  from thermal de f l ec t ions  
imposed by t h e  rest of the  test r i g .  Exhaust a i r  l e f t  the system through 
As and All. 
fices indica ted  as I t e m  14. 

High pressure hot  a i r  i s  supplied through A 1  t o  pressur ize  

O i l  w a s  supplied t o  t h e  206 size b a l l  bear ings through o r i -  

D. The -131 S e a l  Assembly 

The -131 assembly i s  shown i n  Figure 5 using a s o l i d  4140 d isk .  I n  
t h i s  assembly, t h e  bottom bearing had been replaced by a hydros ta t ic  s t e p  
bear ing similar i n  design t o  the  s e a l  being tested. Leakage i n  the s y s t e m  
occurred through the  t w o  f aces  adjacent  t o  the  d i sk  and through two p is ton  
r ings.  
750°F and a t  a maximum speed of 6,200 rpm. Details of t h e  s e a l  design and 
t e s t i n g  appear i n  Later sec t ions .  

This  assembly w a s  run s t a t i ca l ly  and dynamically from 70°F t o  

E. The NASA CD847985 Sea l  Assembly 

The assembly of t h e  NASA design Raleigh s t e p  seal i s  shown i n  Figure 
PH is  t h e  pressure supplied t o  a manifold connected t o  mul t ip le  tubes,  6. 

which suppl ied t h e  s e a l  face w i t h  an inherently-compensated hydros ta t ic  
l i f t o f f  assist a t  d i sk  speeds too low t o  support  t he  seal hydrodynami- 
ca l ly .  Tes t ing  of t h i s  seal progressed only through the  s t a t i c  s t age  due 
t o  d i f f i c u l t i e s  r e s u l t i n g  from rework of t h e  seal f ace  vent grooves and 
f ace  p l a t i n g  which destroyed t h e  geometry of t he  bearing. 
t h i s  t e s t i n g  and t h e  design appear later i n  the repor t .  

D e t a i l s  of 

F. The Flight-Weight Sea l  Assembly 

Figure 7 shows t h e  f inal’assembly of t he  fl ight-weight seal. This 
seal w a s  similar t o  the  -131 seal except t h a t  much l i g h t e r  sections were 
employed t o  reduce t h e  weight of t he  sea l .  I n  addi t ion ,  a pressure- 
balanced race ( I t e m  9) was i n s t a l l e d  t o  simulate one which could be used 
i n  a c t u a l  engine design. The support  syst,em i s  similar t o  t h a t  of the  
assembly shown i n  Figure 5. The bottom support was a stepped-face a i r  
bear ing similar t o  t h e  seal being t e s t e d ,  so t h a t  t h e  pressure loads on 
the  d i sk  i n  an axial  d i r e c t i o n  were e s s e n t i a l l y  zero and the assembly 
weight i s  c a r r i e d  on a sp r ing  mount (Item 16). Detai ls  of t h e  design 
and t e s t i n g  of t h i s  assembly are given f u r t h e r  i n  t h e  t e x t .  
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Figure 5.  Dual -131 Seal  Assembly 
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SECTION PV 

TASK I1 - SEAL DESIGN AMD DEVELOPMENT 

A. -333 Sea l  

Figure 8 i s  a photograph of the -333 seal body, p i s ton  r ing ,  and 
housing. Also shown i n  the  photograph i s  the smaller sect ioned -131 
p i s ton  r i n g  f o r  comparison, The photograph shows c l e a r l y  the  s e a l  f ace  
inc luding  200 0,040-inch diameter inherent-compensation orifices and 
100 0.250-inch diameter pressure r e l i e f  holes  between t h e  inherent ly-  
compensated bear ing face  and t h e  s ingle- tooth primary seal. A sec t ion  
through t h i s  seal i s  shown i n  Figure 9, 

Figure 9 shows the  component p a r t s  of t h e  seal assembly, namely: 
(1) the seal body, (2) t h e  s e a l  r e t r a c t i o n  spr ings ,  (3) t h e  secondary 
p is ton  r i n g  seal, (4) the  double air  bear ing,  and (5) the  p r imary  seal 
tooth.  The secondary p is ton  r i n g  seal (3)  seals the  manifold a i r  from 
leakage around the seal body and i s  held i n  pos i t ion  by the  smaller c o i l  
spr ings .  The loca t ion  of t h i s  p is ton  r i n g  seal on the  housing was 
undesirable  (because, as the  a x i a l  stackup c learance  var ied  from build- 
up t o  buildup, t he  r a d i a l  inward force  on t h e  seal body about i t s  cen te r  
of g rav i ty  changed). I n  l a t e r  designs,  t he  secondary p i s ton  r i n g  w a s  
placed i n  a groove on the  body of t he  seal so t h a t  no change i n  r a d i a l l y  
inward pressure fo rce  could be experienced as a funct ion of a x i a l  posi-  
t i on .  The secondary p is ton  r i n g  s e a l  w a s  held c i rcumferent ia l ly  aga ins t  
t he  seal body by means of a spr ing.  The primary seal too th  blocked flow 
from the  high pressure manifold and w a s  posi t ioned away from the  r o t a t i n g  
d i sk  by means of a double o r i f i c e  a i r  bear ing which operated on an 
inherent  compensation pr inc ip le .  A i r  a t  high pressures  i s  admitted t o  
these o r i f i c e s  r a d i a l l y  inward from the  high pressure a rea ,  while a i r  
which leaks  through the pr imary s e a l  too th  i s  re l ieved  through quarter-  
inch  holes  through the s e a l  body i n t o  the  low pressure a rea .  

The design of the a i r  bear ing support was made possible  by an empiri- 
c a l l y  derived r e l a t i o n s h i p  between f i l m  th ickness  and load which i s  shown 
i n  Figure 10. The curves  of f i l m  thickness  versus  load a t  var ious supply 
pressures ,  50 t o  200 p s i ,  were obtained experimentally a f t e r  cons t ruc t ing  
a model of the t h r u s t  face  and running tests s t a t i c a l l y  while measuring 
load and f i l m  th ickness ,  
t u a l l y  the same when r e l a t i v e  motion occurs between the d i sk  and bear ing 
su r face ;  t h a t  i s ,  there ' is  no appreciable  hydrodynamic a c t i o n  exerted on 
the  f ace  because of t h e  non-converging sur faces .  Af te r  t h i s  curve w a s  
obtained,  i t  w a s  then poss ib le  t o  s i z e  the  secondary p is ton  r i n g  seal 
diameter. T h i s  diameter determined the r e s u l t i n g  a x i a l  fo rce  which 
seated t h e  seal body aga ins t  the  d i sk ,  Shown on Figure 10 a r e  opera t ing  
l i n e s  f o r  a secondary p is ton  r i n g  s e a l  ne t  a rea  of 10 and 15 square 
inches ,  A s  would be expected, a higher p is ton  a rea  causes  operat ion 

Experience has shown t h a t  t h i s  curve i s  v i r -  
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Figure 8 .  -333 Seal Assembly (C67120542) 
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a t  a lower f i l m  thickness .  The f i n a l  s e l e c t i o n  of 10 square inches f o r  
t h e  net  b i a s  area w a s  based on the  d e s i r e  t o  operate  a t  a f i l m  thickness  
of about 0.001 inch. Operation a t  t h i s  f i l m  thickness  gives  more margin 
f o r  1 per rev excursioh of t he  d i s k  than does, f o r  example, a f i l m  thick- 
ness  of 0.005 inch.  Using s t i f f n e s s  values  of the a i r  bear ing obtained 
by measuring t h e  s lope  of f i l m  thickness  versus  load i n  Figure 10, it 
was est imated tha t  1 per rev  following of t h e  seal body t o  t h e  r o t a t i n g  
d i sk  would take  place. 

Figure 11 shows a force  balance about t he  cen te r  of g rav i ty  of the 
seal body. The seal body sec t ion  cen te r  of g rav i ty  w a s  located i n  such 
a way as t o  present  a zero summation of moments about t he  sec t ion .  The 
radially-inward fo rce ,  Fly could be var ied by the loca t ion  of a secondary 
p is ton  r i n g  seal. 
changing the  secondary sea l ing  dam diameter. The inherently-compensated 
a i r  bear ing r eac t ion ,  F3, could not be var ied once the  design had been 
se lec ted .  T h i s  design w a s  accomplished by t r i a l  and e r r o r ,  so t h a t  t h e  
sec t ion  of the seal body remained undeflected a t  the  highest  condi t ion 
of pressure.  
F2 do, t h e r e  w a s  some s l i g h t  de f l ec t ion  of the  sec t ion  a t  lower pressure 
l e v e l s .  I t  w a s  assumed t h a t  the vent a r ea  would be a t  ambient. I n  
p rac t i ce ,  t h i s  pressure r i s e  caused sec t ion  tilt ,  and the  bleed holes  
were enlarged t o  reduce t h i s  e f f e c t .  These r e s u l t s  a r e  given i n  the  
experimental  sec t ion .  

The a x i a l  s e a t i n g  fo rce ,  Fa, could be var ied by 

Because F3 does not  vary l i n e a r l y  w i t h  pressure,  and F1 and 

B. -131 Hydrostat ic  Seal  

The general  t h e o r i t i c a l  operat ion of the -131 stepped face  hydro- 
s t a t i c  seal assembly, as shown on Figure 5 ,  i s  as follows: 

Pressurized a i r  i s  introduced through r a d i a l  holes  i n  t h e  a i r  i n l e t  
manifold (Item 11) i n t o  an annulus around the outs ide  diameter of t h e  
hydros t a t i c  seal r i n g s  (Items 2 and 15). A i r  escapes from t h i s  annulus 
by passing through two p is ton  r i n g s  ( I t e m  3) and through the  i n t e r f a c e s  
between Items 1 and 2, and 1 and 15. The escaping a i r  e n t e r s  the a reas  
between I t e m s  1 and 17, and Items 1 and 5 ,  which a r e  vented t o  atmospheric 
pressure 

I n  the  unpressurized s t a t e ,  the top  s e a l  (Item 15) i s  l i f t e d  of f  t he  
d i sk  (Item 1 )  by a fo rce  generated with c o i l  spr ings  ( I t e m  16). A s  i n l e t  
pressure i s  increased,  a pressure drop i s  generated by the r e s t r i c t i o n  
between the l abyr in th  too th  a t  the  outs ide  diameter of t he  s e a l  f ace  
(Item 15) and t h e  seal guide ( I t e m  10). When the  pressure fo rce  on the  
back sur face  of t h e  seal face  exceeds the  r e t r a c t i n g  c o i l  sp r ing  fo rce ,  
t he  seal f ace  s l i d e s  downward, approaching the sur face  of the  disk.  
A s  the  s e a l  f ace  approaches t h e  d i s k ,  i t s  i n t e r f a c e  clearance rep laces  
the  l abyr in th  too th  as the  c o n t r o l l i n g  a i r  flow r e s t r i c t i o n ,  and the  
pressure drop across  the  l abyr in th  too th  becomes inconsequent ia l .  

16 
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Figure 11. Pressure Balance on -333 Seal 
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The pressure l e v e l  a t  which the seal approaches the d i s k  v a r i e s  
w i t h  the appl ied sp r ing  force, and i s  governed by the s t i f f n e s s  require- 
ment of the i n t e r f a c e  a i r  f i l m  which inc reases  as pressure increases .  

The pressure  a c t i n g  on the area of the back sur face  of the seal 
face ,  bounded by the diameter on which the p is ton  r i n g  s e a t s  (balance 
diameter) and the ou t s ide  diameter of t h e  seal face, generates  a down- 
ward (sea t ing)  force on the seal body. Pressure  f o r c e  a c t i n g  on the  
s e a l  face, i n  the area bounded by the  seal face i n s i d e  and ou t s ide  dia- 
meters, generates  an upward (unseating) force.  

A s  a i r  moves through t h e  r e s t r i c t i o n  between the s e a l  f ace  and the 
d i s k ,  i t s  s ta t ic  pressure decreases so tha t  the average s t a t i c  pressure 
i n  the i n t e r f a c e  i s  lower than  the uniform pressure a c t i n g  aga ins t  the 
back su r face  of the seal f a c e ;  however, the i n t e r f a c e  sur face  a rea  i s  
made l a r g e r  than the back sur face  so tha t ,  a t  some i n t e r f a c e  c learance  
dimension, the s e a t i n g  and unseat ing pressure fo rces  (pressure x area) 
reach equilibrium. 

The bottom seal ( I t e m  2) has the same geometry as the t o p  seal 
( I t e m  15) and i s  pressurized from t h e  same source.  Except f o r  the 
r e t r a c t i o n  due t o  sp r ing  fo rce ,  as described previously,  equi l ibr ium 
of pressure f o r c e s  i s  established i n  the same manner as the t o p  seal. 
The i n t e r f a c e  clearance (air  f i l m  thickness)  w i l l  be s l i g h t l y  smaller 
i n  magnitude, however, because i t  supports  the s ta t ic  weight of the 
p a r t s  above it [i.e., I t e m s  1, 3, and 15, p lus  t he  weight of the cen te r  
s h a f t ,  Figure 4 (Item 4), and the shaf t  bear ings,  Figure 4 ( I t e m  51, 
2 places] .  

Once equi l ibr ium is  established, a servo,  generated by a s t e p  on 
the  seal face ,  provides r e s i s t a n c e  t o  any change i n  i n t e r f a c e  a i r  f i l m  
thickness .  The magnitude of fo rce  required t o  change the a i r  f i l m  thick- 
ness  by a given d i s t ance  from equi l ibr ium may be defined as the "stiff- 
ness" of the a i r  f i l m .  The following sketch shows the pressure d i s t r i -  
but ion f o r  equi l ibr ium and f o r  displacement from equi l ibr ium for the 
stepped f ace  hydros t a t i c  seal w i t h  compressible flow: 

18 



Diameter 

For a given i n l e t  pressure and seal geometry, the  fo rce  t o  seat, F,, 
i s  cons tan t  and i s  represented by the  a rea  i n s i d e  the force  diagram a t  
(A). 
force diagrams a t  (B), (C), and (D). 

The force t o  unseat the seal i s  represented by the  area i n s i d e  the  

Let :  

w = weight flow r a t e  

h = a i r  f i l m  thickness  a t  e x i t  

Ah = s t e p  height 

a 

0 

hi = i n l e t  f i l m  thickness  = ho + Ah 

= i n l e t  (upstream) pressure 
'i 

Ps = pressure at the s t e p  diameter 

P = e x i t  (downstream) pressure 
0 

Also, l e t  the areas ins ide  the  curves a t  (A) and (C) be equal ,  so 
tha t  F and Fu are a t  equilibrium. S 

k 
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I f  h i s  decreased from eqiul ibr ium, t h e  following changes are 
0 e f f e c t e d  : 

(a) Ps i nc reases  and approaches P a s  ho approaches 0 

(b) wa decreases  and approaches 0 as h approaches 0 

(c) 

i 

0 

Fu increases ,  as represented by t h e  area i n s i d e  t h e  
fo rce  diagram a t  (D), and a ne t  fo rce  (F 
generated t o  r e t u r n  the seal t o  equilibrTum. 

> Fs) i s  

Inc reas ing  h e f f e c t s  t he  following: i 

(a) Ps decreases  

(b) wa i nc reases  

(c) Fu decreases ,  as represented by the  area i n s i d e  the  
fo rce  diagram a t  (B),  and a new fo rce  (F 
generated t o  r e t u r n  the  seal t o  equilibrium. 

> Fu) i s  s 

The above descr ibed fo rce  changes, e f f ec t ed  by changes i n  opera t ing  
c learance ,  comprise t h e  servo f o r  the  stepped f ace  hydros ta t ic  seal. 

The fo rce  curves f o r  t h e  hydros ta t ic  seal w e r e  ca l cu la t ed  based on 
the fol lowing equat ions f o r  laminar, isothermal ,  compressible flow: 

h = c learance  between p a r a l l e l  p l a t e s  

D = mean diameter of seal f ace  

u = absolu te  v i scos i ty  

L = l ength  of flowpath 

P. = absolu te  pressure a t  i n l e t  
1 

= absolu te  pressure a t  o u t l e t  
k 

P = absolu te  pressure,  standard atmosphere 
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T = absolute  temperature, standard atmosphere 

Ti = absolu te  temperature a t  i n l e t  

q = standard volume flow r a t e  

For flow through the  i n l e t  flowpath: 

h 3 TT Di ( Pi2 ; Ps2 ) 
i - 

24 u-Li qi - 

For flow through the  o u t l e t  opening: 

- h 3 n D  0 0 

90 - 24 u Lo 

For con t inu i ty  of flow: 

- qi - qo 

S u b s t i t u t i n g  Eqs ( 2 )  and (3) i n  Eq (41, cance l l i ng  l i k e  terms, 
s u b s t i t u t i n g  (h + Ah) f o r  hi, and rearranging,  gives  t h e  following: 

0 

Knowing i n l e t  condi t ions ,  e x i t  condi t ions ,  and s e a l  geometry, h 
can be ca l cu la t ed  by s u b s t i t u t i n g  var ious va lues  of P i n  Eq (5), w i ? h  

S P. > Ps > Po. 
1 

Using var ious values  of Ps, t h e  i n t e r f a c e  fo rces ,  F,, can be cal- 
cu la ted  using the  fol lowing equations: 

FU = (Ps - Po) (Ai + A. 10) + (Pi .- PSI Ai Ai. Eq ( 6 )  

21 



where : 

= f a c e  a rea  of i n l e t  flowpath 

= f a c e  a rea  of o u t l e t  flowpath 

Ai 

*O 

h = gas compress ib i l i ty  f a c t o r  based on pressure  r a t i o ,  
as follows: 

0.70 

0.66 

A 0.62 

0.58 

0.54 

0.50 
0 0.2 0.4 0.6 0.8 1.0 

P (Discharge 
P ( I n l e t )  

are as follows: 
FS , The s e a t i n g  f o r c e s ,  

where As = s e a t i n g  a r e a  

Finding the ne t  f o r c e  &E’, as follows: 

- Fs aF = FU 

and p l o t t i n g  these  va lues  aga ins t  h a s  c a l c u l a t e d  using Eq ( 5 )  gives  t h e  
fo rce  curve f o r  t h e  seal, wi th  s t i fTness  (k), defined as: 

The fo rce  curves f o r  t he  -131 seal are shown on Figure 12. The geo- 
metry assumed w a s  t he  following: 1. 

h = 0.0009 inch  

= 0.600 inch Li 
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L = 0.155 inch  

= 22.800 inches Di 

D = 22.045 inches 

0 

0 

For a l l  c a l c u l a t i o n s ,  Po is  assumed t o  be 14.7 ps i a  and T is'520'R. i I n  addi t ion ,  t h e  balance diameter (p is ton  r i n g  seat) and the  seal f a c e  
are assumed t o  be concentr ic .  

Calculated leakage r a t e s  f o r  t h e  stepped face are shown on Figure 13. 
These leakage rates are based on t h e  following equat ion f o r  sonic  f l o w  
a t  minimum area, s ince  the  va lues  ca lcu la ted  using the  laminar flow equa- 
t i o n  r e su l t ed  i n  leakage rates which gave Reynolds Numbers i n  t h e  turbu- 
l e n t  flow region: 

= 42 Ps Di ho 90 

where : 

= volume flow rate,  scfm q0 

P = pressure a t  i n l e t  t o  s t e p ,  p s i a  

= mean s t e p  diameter, inches Di 

h = f i l m  th ickness  a t  s t e p ,  inches 

S 

0 

I n  t h e  course of the  test program, the seal face w a s  modified by 
lapping a t a p e r  on the face  i n  place of the s t e p ;  and, s ince  some of 
t h e  t e s t i n g  included i n  t h i s  report w a s  done w i t h  a tapered face ,  t h e  
leakage rates and servo fo rces  were ca lcu la ted .  The r e s u l t s  are shown 
on Figures  14 and 15. A l l  dimensions were t h e  same as f o r  t h e  stepped 
face ,  wi th  the  exception of t h e  geometry a t  Ah. 
formed by a t a p e r  of cons tan t  s lope  w i t h  the l a r g e  opening a t  t h e  i n l e t  
(OD). The taper angle ,  8, w a s  1.33 mi l l i - rad ians ,  a s  shown on the  
fol lowing sketch: 

Ah w a s  assumed t o  be 
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The mechanical design cons idera t ions  f o r  t h i s  seal would be similar 
t o  t h a t  described f o r  the  f l ight-weight  seal presented i n  Sec t ion  VA. 

C. CD487985 Design 

The t h i r d  seal used i n  the  program w a s  designed a t  the NASA-Lewis 
F l i g h t  Propulsion Laboratory f a c i l i t y  by L. Ludwig and D. Townsend. A 
drawing of t h i s  seal i s  shown i n  Figure 16. This  design was conceived 
t o  incorporate  a Raleigh s t e p  face  which would act as a l i f t - o f f  device 
by means of hydrodynamic ac t ion .  The balance s e a l i n g  dam and p is ton  
r i n g  groove were designed so t h a t  t h i s  conf igura t ion  could be used i n  the  
same t e s t i n g  set up as employed by the f l ight-weight  seal design which 
w i l l  be discussed later. The seal w a s  manufactured of 310 s t a i n l e s s  
steel material, and a chrome p l a t e  was appl ied t o  the  s e a l  f ace  a t  a 
later d a t e  t o  improve i t s  touchdown capab i l i t y .  I n  addi t ion ,  an 
inherently-compensated hydros ta t ic  l i f t - o f f  system was incorporated as 
shown i n  Figure 17 t o  permit the  seal t o  be l i f t e d  of f  dur ing  s t a r tup .  
Details  of the  t e s t i n g  of the  seal appear f u r t h e r  i n  the  text.  
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Figure  17. NASA 0847985 Hydrodynamic Face S e a l  
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SECTION V 

TASK I11 - EXPERIMENTAL EVALUATION 

A. Room Temperature S t a t i c  T e s t s  

1. -333 S t a t i c  Tests 

S t a t i c  t e s t i n g  of t h e  -333 seal w a s  done by modifying the tes t  r i g  
shown i n  Figure 4. This  modification cons is ted  of f a s t en ing  the  d i sk  
(Item 8) t o  t h e  bottom a i r  bear ing by means of s i l i c o n e  cement, t o  prevent 
flowout of t h i s  area.  The -333 s e a l  was assembled i n  the  housing piece 
( I t e m  9 ) ;  and, with the  upper plate (Item 3) removed, t h i s  assembly was 
bol ted together  and manifold p res su re  supplied through A-1. I n  addi t ion ,  
a spec ia l  t o p  cover w a s  placed over the seal housing so t h a t  t he  flow 
co l l ec t ed  from the  seal f ace  and p is ton  r i n g  could be measured and com- 
pared t o  the  flow suppl ied t o  the machine. The flow t o  the test r i g  was 
measured i n  an ASME o r i f i c e ,  where t h e  i n l e t  condi t ions  were 293 ps ig ,  
80'F. 
vided by a 1.0335-inch diameter o r i f i c e .  The AP across  t h i s  o r i f i c e  w a s  
measured by a manometer, and these values  a re  not  given i n  the test  da ta  
shown i n  Figure 18. The flowout of the  test r i g  (which was co l l ec t ed  by 
a top  p l a t e )  w a s  measured i n  a rotometer. The pressure t o  the  rotometer 
i s  c a l l e d  P3. 
test  r i g ,  and P2 i s  the  pressure on the downstream side of the  primary 
too th  of t h e  seal body as shown on Figure 18. 

The or i f ice  flow i s  based on an ASME ca lcu la t ion  of an area  pro- 

P1 i s  the  pressure a t  t he  i n l e t  of t he  manifold of the  

Film thickness  of the  s t a t i c  t e s t  was measured i n  two places ,  noted 
a s  No .  1 and No.  2, which w e r e  180° apa r t  on the  seal circumference. I n  
addi t ion,  the tilt of t he  s e a l  face  w a s  measured by means of a t h i r d  d i a l  
i nd ica to r  a t  an a r m  of 1.5 inches from t h e  face  of the  s e a l  sec t ion .  
T h i s  l a t te r  measurement was made t o  confirm t h a t  the  seal sec t ion  w a s  
being t i l t e d  by a pressure bui ld  up a t  t h e  discharge of t he  primary 
too th ,  Pa. 
t h a t  t h i s  pressure w a s  neg l ig ib l e ;  however, t he  s t a t i c  tests showed t h a t  
the  quarter-inch o u t l e t  ho les  evacuating A (shown i n  Figure 18) were 
inadequate and should be enlarged t o  prevent unfavorable sec t ion  tilt. 

The ana lys i s  of pressure balance of t h e  s ec t ion  had assumed 

Resul t s  of the  flow versus pressure  a re  shown i n  Figure 19. The 
flow reported here inc ludes  the  leakage through the  primary s e a l i n g  
too th ,  the  secondary p is ton  r i n g  s e a l ,  and the  inherently-compensated 
air-bear ing face.  Flange leakage i s  a l s o  included and can be est imated 
by comparing the o r i f i c e  measured flow versus the  rotometer flow. This 
d i f fe rence  i s  q u i t e  s m a l l ,  i nd ica t ing  tha t  f lange leakage i n  the test 
r i g  w a s  small .  
i n  excess of that  ca l cu la t ed ,  195 scfm. The reason f o r  t h i s  w a s  tha t  
the  p is ton  r i n g  flow was q u i t e  high due t o  nonconformity of the p i s ton  

The flow measured here (409 a t  120 psig)  w a s  g r e a t l y  
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r i n g  t o  the  f ace  and bore. Although t h i s  could not  be measured a s  a 
separate i t e m ,  t h i s  conclusion i s  j u s t i f i e d  based on observable gap i n  
the f i t  of the  p i s ton  r ing.  The p is ton  r i n g  sec t ion  w a s  so massive, 
compared t o  the  pressure d e f l e c t i o n  forces ,  t h a t  conformity could not  
be achieved. We were ab le  i n  the later -131 and Flight-Weight designs 
t o  reduce the sec t ion  s i z e  of t h i s  r ing ,  so t h a t  p i s ton  r i n g  leakage 
became a neg l ig ib l e  i t e m ,  although a g rea t  d e a l  of hand lapping of a l l  
p a r t s  was necessary t o  achieve t h i s  r e s u l t .  Figure 20 shows a p lo t  of 
pressure versus  f i l m  thickness  and extension tilt. Agreement of f i l m  
th ickness  with design can be determined by comparing t h i s  curve wi th  the  
design curve shown i n  Figure 10. With the  ten-square-inch bias area f o r  
which t h e  seal had been designed, a f i l m  th ickness  of 0.0012 inch  would 
be expected a t  175 p s i .  A f i l m  thickness  of 0.0014 inch  was a c t u a l l y  
a t t a ined .  Agreement a t  lower pressure l e v e l s  was not as good, and, a t  
100 psi., a f i l m  th ickness  of about 0.0012 inch w a s  observed compared with 
a ca l cu la t ed  f i l m  thickness  of 0.0007 inch. An examination of t h e  tilt 
extension showed c lear ly  t h a t  a t  high pressure l e v e l s  t h e  pressure a t  the 
discharge of t h e  pr imary s e a l  too th ,  P2, was t i l t i n g  the  sec t ion  t o  a 
high degree. This  condi t ion could be re l ieved  by en larg ing  the i n l e t  
holes .  

2. -131 Sea l  S t a t i c  T e s t s  

Inspec t ion  a t  i n i t i a l  bui ldup showed damage t o  the  chrome carbide 
p l a t i n g  on the  bottom a i r -bear ing  surface'  (Figure 4 ,  I t e m  12 ) ;  r e p a i r  
a t tempts  (by hand lapping) were unsuccessful.  The piece was returned t o  
the  vendor f o r  rework ( s t r i p p i n g  of e x i s t i n g  p l a t ing ,  r e p l a t i n g  w i t h  
chrome carb ide  , and regrinding) .  

A l l  p a r t s  were received and assembled, and s t a t i c  t e s t i n g  commenced. 
Measured -131 seal leakage was 160 scfm a t  166 ps ig  a i r  pressure and room 
temperature,  with the  p is ton  r i n g  accounting f o r  7 scfm (see Figures  21 
and 22). A i r  f i l m  thickness  a t  t h i s  condi t ion w a s  0.0012 inch on the 
-131 seal a s  measured with a one ten-thousandths-inch d i a l  i n d i c a t o r ,  
w i t h  t he  base mounted on the  a i r  bear ing d i sk  and the  d i a l  point  on the 
t a i l  sec t ion  of the seal. 

A s ta t ic  leakage i n  another buildup f o r  the  t o t a l  system, top  seal, 
and p i s ton  r i n g ,  p lus  bottom support a i r  bear ing,  i s  shown on Figure 23. 
Leakage a t  165 ps ig  and room temperature i n l e t  a i r  w a s  approximately 230 
scfm. Due t o  f ace  lapping and o the r  f a c t o r s ,  leakage var ied between 
buildups . 

I 

Because of t he  l a rge  d i sk  sur face  a r e a  on the  low pressure s ide  of 
t he  seals, a s m a l l  d i sk  AP would generate  a l a r g e  fo rce  which must be 
supported by t h e  hydros ta t ic  a i r  f i lm.  
touchdown on t h e  bottom support  bear ing due t o  t h i s  force ,  w a s  measured. 

The d i s k  AP, required t o  cause 
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Resul t s  are shown on Figure 24. The t h e o r e t i c a l  touchdown l i n e  i s  also 
shown on t h i s  curve.  The d i f fe rence  between ca l cu la t ed  and measured 
values i s  assumed t o  be caused by geometric d i screpancies  and d i s t o r t i o n  
of par t s .  

Bently probes w e r e  i n s t a l l e d  t o  measure a i r  f i l m  thickness .  Resul t s  
a r e  shown on Figure 25. 

3. CD847985 S t a t i c  Tes t s  

Inspec t ion  of the  CD847985 hydrodynamic s e a l  (See Figure 16) ,  a s  
received from NASA, revealed the  following design problems: 

a. No provis ion w a s  made t o  hold the  s e a l i n g  dam on the  seal face  
concent r ic  t o  the  secondary balance diameter.  Since the  clear- 
ance between the  seal and the  balance diameter was 0.012 inch 
r a d i a l l y  (nominal) per p r i n t ,  a nonuniform sea t ing  force  equi- 
va len t  t o  1: 1.2  pounds per inch  a t  100 ps i  would be imposed on 
the  seal a t  the most eccen t r i c  posi t ion.  

b. N o  provis ion w a s  made t o  prevent the  unplated s e a l  face  from 
rubbing the  r o t a t i n g  race a t  speeds too  low t o  provide hydro- 
dynamic l i f t .  

A meeting w a s  held wi th  NASA representa t ives  during which i t  was 
resolved t h a t  NASA would rework t h e  seal t o  provide a manifold and face 
o r i f i c e  system. This  rework would allow hydros ta t ic  l i f t o f f  c a p a b i l i t y  
a t  r o t a t i o n a l  speeds too  l o w  t o  provide s u f f i c i e n t  hydrodynamic l i f t .  
The rework w a s  completed (See Figure 171, and s t a t i c  t e s t i n g  was begun. 

T e s t s  were completed t o  determine l i f t o f f  parameters of the  hydro- 
static manifold and o r i f i c e s  system. Those parameters measured were the 
f o 1 lowing : 

a. A i r  flow versus  f i l m  th ickness  (Figure 26) 

b. Film th ickness  versus  supply pressure (Figure 27) 

c. Supply pressure  versus  a i r f low (Figure 28) 

L i f t o f f  pressure versus  supported load can a l s o  be estimated by 
ex t r apo la t ing  the  curves on Figure 27 t o  zero f i l m  thickness .  T h i s  
ex t rapola t ion  w i l l  show t h a t  l i f t o f f  w i l l  occur when manifold i n l e t  
pressure ( i n  psig) i s  approximately equal  t o  the t o t a l  supported load 
( i n  pounds, force) .  1. 
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The above t e s t s  were conducted by placing the s e a l  face down on a 
24- x 24-inch f l a t  g r a n i t e  p l a t e ,  p ressur iz ing  t h e  s e a l  while applying 
a s t a t i c  downward force, and measuring a i r f low rate and f i l m  thickness.  
Airflow was measured through a rotometer. Film th ickness  w a s  measured 
with a one ten-thousandths d i a l  i nd ica to r ,  and readings were taken a t  
c i rcumferent ia l  l oca t ions  180° apa r t  and averaged. 

The seal w a s  then  assembled i n  the dynamic test r i g  (See Figure 6) t o  
conduct add i t iona l  s t a t i c  tests; however, the  seal diameter w a s  0.006 - 
0.008 inch  oversized a t  the p is ton  r i n g  s l o t  and would not s l i d e  f ree ly  i n  
the  seal balance p i s ton  diameter (which was 0.024 inch  out  of round). 
I n  addi t ion ,  t he  p i s ton  r i n g  w a s  bound i n  the r i n g  groove on the  t a i l  
s ec t ion  of the seal because the  groove width w a s  undersized. To f i x  
these  problems, the  balance p is ton  diameter w a s  machined round, and a 
p is ton  r i n g  which was undersize i n  t he  a x i a l  dimension w a s  i n s t a l l e d .  
The oversized s e a l  t a i l  s ec t ion  was not reworked, s ince  t h i s  discrepancy 
would serve t o  reduce the allowable e c c e n t r i c i t y  between t h e  s e a l i n g  dam 
and the  balance p is ton  diameter from k 0.012 inch  per p r i n t ,  t o  0.008 inch. 

The seal w a s  reassembled i n  the tes t  r i g  and was hydros t a t i ca l ly  
pressurized. F loa t ing  occurred t o  the ex ten t  tha t  t he  d i sk  could be 
ro t a t ed  by hand w i t h  some e f f o r t ,  but w a s  not f r e e  f loa t ing .  The seal 
w a s  inspected a f t e r  teardown and face  scoring had occurred. Close 
inspec t ion  of t he  seal f ace  under a microscope revealed the  presence 
of hundreds of var ious size bur r s  i n  the face grooving. Some of t hese  
bur rs  were loose enough t o  be l i f t e d  out  on a penc i l  point.  I t  i s  l i k e l y  
t h a t  these bur r s  were the cause of the  face  scor ing  and d i s k  handing. 
To f i x  t h i s  problem, a l l  face  grooves and channels were deburred by hand. 

The r i g  w a s  then reassembled f o r  s t a t i c  tests. Sea l  i n l e t  pressure 
w a s  gradual ly  increased u n t i l ,  a t  approximately 129 psig,  t he  seal face  
blew open (off t he  race) .  An a i r  l i n e  was then i n s t a l l e d  between the 
hydros ta t ic  manifold and the  seal i n l e t  p ressur iz ing  cavi ty .  The i n l e t  
cav i ty  w a s  then  pressurized and it w a s  determined tha t  the s e a l  blew open 
a t  a lower pressure,  approximately 65 psig.  

These r e s u l t s  implied t h a t  f ace  a i r  leakage w a s  being r e s t r i c t e d  i n  
the  downstream face  grooves and vents ,  w i t h  t h e  r e s u l t i n g  pressure rise 
causing a fo rce  unbalance on t h e  s e a l  and d r iv ing  t h e  seal f ace  open. 

Additional tests w e r e  conducted t o  determine the increase  i n  seal 
face leakage due t o  hydros ta t ic  l i f t  pressures .  The r e s u l t s  were included 
i n  Monthly Progress Report N o .  27. I n  general ,  the  r e s u l t s  were the  
following : k 
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' , (a) A t  a l l  cons tan t  i n l e t  pressures  up t o  and inc luding  100 psig,  the  
seal l i f t e d  of f  when hydros ta t ic  pressure was between 8 and 12  
psig. Figure 29 shows leakage rates versus varying hydros ta t ic  
pressures  with i n l e t  pressure cons tan t  a t  100 psig.  The change 
i n  s lope  on t h e  curve occurs  a t  l i f t o f f .  S imi la r  curves  were 
generated f o r  constant  i n l e t  pressures  of 25, 50, and 75 p s i g  
and are included i n  Monthly Progress  Report No. 27 ,  

The fol lowing d a t a  po in t s  a t  which s e a l  blowoff occurred were 
also recorded: 

Pressure (psig)  

I n l e t  Hydrostatic - 
100 
75 

137 
125 
65 

30 
50 
0 

25 
63 

Remarks  

No r i g  v i b r a t i o n  
N o  r i g  v i b r a t i o n  
Rig v ib ra t ion  
Rig v ib ra t ion  
Rig v ib ra t ion  

The above r e s u l t s  w e r e  discussed W i t h  the NASA Program Manager 
and a recommendation was made t h a t  t he  vent groove area on the  
low pressure s ide  of t h e  face  s e a l i n g  dam be increased,  The 
seal was then returned t o  NASA f o r  modification. 

The following rework was done by NASA: ' 

(a)  The vent  groove on the low pressure s ide  of the face 
s e a l i n g  dam w a s  increased by widening the  s l o t  widths. 

(b) The sharp  corners  on the  i n l e t  s i d e  of the  low pressure 
vent grooves were changed t o  r a d i i .  

(c) The seal face w a s  chromium plated.  

The p a r t  w a s  re turned t o  General E l e c t r i c  Company, where inspec- 
t i o n  revealed the  following: 

(a )  The seal face  was saddled 0.007 inch  

(b) The hydros ta t ic  manifold w a s  removed from the  seal. Some 
of the small diameter feeder  tubes  were bent beyond r e p a i r .  

1 

(c)  The diameter of t he  t a i l  section of t he  seal a t  the  p i s ton  
r i n g  groove w a s  0.043 inch  out  of round. 
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Poss ib le  cause f o r  the  above d i s t o r t i o n s  are the  following: 

(a) P l a t i n g  stresses 

(b) Grinding stresses 

(c) F ix tu re  clamping during rework 

Because of t h i s  seal d i s t o r t i o n ,  a l l  f u r t h e r  t e s t i n g  on t h i s  phase of 
t h e  program w a s  terminated. 

B. Room Temperature Dynamic Tests 

1. -131 S e a l  Room Temperature Dynamic T e s t s  

On the f i r s t  buildup f o r  room temperature dynamic t e s t i n g ,  gasket 
compression i n  the r i g  f lange stackups caused misalignment of the test 
r i g  and seal hanging. A new ( th inner )  gasket mater ia l  w a s  acquired,  and 
the r i g  w a s  reassembled f o r  dynamic t e s t i n g .  A dynamic test w a s  conducted 
a f t e r  t h i s  modif icat ion with the  following r e s u l t s :  

Man. Disk Film 
Speed Press.  AP Thick. 

Run (rpm) (psig)  ("H20) (mils)  

1 1000 174 10 I 2.2 

2 2000 175 12.5 1.96 

3 3000 175 11.5 1.72 

1.96 4 4000 175 7 

5 1000 125 9.5 2.1 

6 2000 125 11 1.9 

7 3000 125 12  1.96 
(f . O O O l " >  

F i r s t  Room Temperature Dynamic T e s t s ,  -131 Sea l  

O r i f i c e  
(ps ig)  

29 2 
--- 
--- 
--- 
--- 
--- 
--- 

Flow 
(scfm) 

A successfu l  run w a s  completed a t  4000 rpm, 175 ps ig  i n l e t  pressure,  
While a t tempting t o  run a 125-psig AP condi t ion ,  a and room temperature. 

s e a l  rub occurred i n  t h e  speed range between 3000 t o  4000 rpm, causing 
p l a t i n g  damage t o  the  top  seal, t o p  and bottom sur faces  of the bear ing 
d i sk ,  and the  bottom stepped-face a i rbbear ing  (See Figures  30 through 35). 
The exac t  cause f o r  the rub i s  not  known; however, observat ions during 
test  ind ica t ed  t h a t  t he  cause w a s  a sudden increase i n  AP ac ross  the  a i r  
bear ing d i sk ,  overloading the  capac i ty  of t he  bottom bearing hydros ta t ic  
a i r  f i lm.  
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Figure  32. P l a t i n g  Damage on Air-Bearing D i s c  Top Face (C680313111) 
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Figure 33. Plating Damage on Air-Bearing Disk Bottom Face (C680313107) 
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-131 Seal  Upper Disk 

Bottom S t e  p-Be a r  ing 
k Lower D i s k  

Figure 35. -131 Seal  and Tester Damage 
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A l l  p a r t s  w e r e  repa i red  and reassembled f o r  dynamic t e s t i n g .  S t a t i c  
t e s t i n g  showed t o t a l  system leakage of 520 scfm a t  175 psig,  wi th  high 
p is ton  r i n g  leakage. The r i g  w a s  disassembled, l a p  r i n g s  were made, and 
the  seal w a s  relapped with a converging taper  (See Figure 36). Lapping 
on the  bottom a i r  bear ing proved t o o  t i m e  consuming, and a new flanged- 
t y p e  bottom a i r  bear ing w a s  made. Because of t i m e  and expense, t h e  
bear ing face w a s  not plated.  

Date 
(May, 1968) 

13 

14 

20 

20 

20 

I t  w a s  a l s o  found tha t  the  p is ton  r i n g  groove i n  the -131 s e a l  w a s  
not deep enough t o  preclude bottoming and subsequent hanging of t h e  p i s ton  
r i n g  between the I . D .  of the  groove and the  balance p is ton  diameter, so 
the groove w a s  deepened. 

(1) Film Thickness Sea l  Tota l  
(ho, Inches) 

AP Y q, 
RPM (PSI 1 (SCFM) TOP Bottom 

0 - 1680 15 0 228 0.0010 0.0018 

0 - 2100 155 - 160 178 - 194 0.0008 8.0010 - 0.0012 

0 - 2000 170 458 - 486 0.0012 0.0017 

0 - 2250 170 - 190 ---(2) --- --- 
0 - 2400 155 - 170 ---(3) --- --- 

Many subsequent bu i ld s  were made, but clamplng d i s t o r t i o n s  repea ted ly  
caused d i s k  hangup. F i n a l l y ,  the  bottom flanged a i r  bear ing w a s  l a i d  on 
a bed of w e t  ceramic cement which w a s  allowed t o  harden before  t i gh ten ing  
the  f lange  b o l t s .  T h i s ,  and s e l e c t i v e  torquing of t h e  f lange  bol t s ,  
improved t h e  s i t ua t ion .  
the  t h e o r e t i c a l  l i f t - o f f  pressure of 22/24 ps ig  could be achieved (see 
Figure 24). 

I t  w a s  found t h a t  by "tuning" t h e  f lange  b o l t s ,  

Five subsequent runs were made w i t h  no rubs occurr ing on the f i r s t  
four ,  a s  shown below: 

I Second Room Temperature Dynamic T e s t s  -131 Seal I 
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During t h i s  tes t  a rub occurred on the bottom a i r  bear ing while 
operat ing near  2400 rpm, 170 ps ig ,  and room temperature. The test seal 
did not  rub. 
probabi l i ty  that  G f o r c e s  i n  conjunction w i t h  d i sk  pressure fo rces  
exceeded the  load capac i ty  of the bottom a i r  bear ing,  r e s u l t i n g  i n  a 
rub. 

Rig v ib ra t ion  was high during t h i s  t es t ,  suggest ing the  

To r e l i e v e  the  fo rce  problem due t o  pressure drop across  the a i r  
bear ing d i s k ,  twenty-four three-quarter-inch-diameter holes  were d r i l l e d  
through t h e  d i sk  (see Figure 37). 
but subsequent buildups were plagued by out-of-f la tness  from clamping 
d i s t o r t i o n s .  

The bottom a i r  bear ing w a s  repa i red ,  

A dynamic test  w a s  successfu l ly  conducted during the week of Ju ly  8,  
1968, a t  3700 rpm, 175 ps ig ,  and room temperature, as a check-out run 
p r i o r  t o  hot t e s t i n g .  S t a t i c  and dynamic leakage rates are shown on 
Figure 38 and 39. N o  problems were experienced. The reduct ion i n  leakage 
w i t h  increas ing  d i sk  speed i s  a t t r i b u t e d  t o  p is ton  r i n g  s e a t i n g  due t o  
r o t a t i o n a l  v ibra t ion .  N o  change i n  f ace  leakage was normally experienced 
with speed. 

C. Hot Dynamic Tes t ing  

1. -131 Sea l  

The r i g  w a s  disassembled t o  remove the  Bentley Probes p r i o r  t o  hot  
t e s t i n g .  Subsequent a t tempts  for hot dynamic t e s t i n g  w e r e  aborted when 
sca l e  dislodged i t s e l f  from the  JP-4-fueled a i r  hea ter  and became 
ingested i n  the seal and a i r  bearing. 

The system w a s  cleaned and seve ra l  add i t iona l  a t tempts  were made t o  
run hot .  D i s to r t ion  of the bottom a i r  bear ing,  due to  thermals i n  the  
clamping s t ack ,  damage t o  the ceramic cement bed under the bottom a i r  
bear ing f lange ,  and add i t iona l  particles of dislodged d i r t  from the  a i r  
hea te r  s y s t e m  caused the d i sk  t o  hang s h o r t l y  a f t e r  f i r i n g  the a i r  
heater. 

A t  t h i s  poin t ,  t h e  separable ,  f langed,  bottom a i r  bear ing w a s  d i s -  
carded and the a i r  bear ing which i s  i n t e g r a l  w i t h  the  r i g  base w a s  lapped 
with a 0.0015-inch taper .  
f r e e l y  a t  room temperature;  liowever, a i r  hea ter  s c a l e  and thermal d is -  
t o r t i o n s  continued t o  plague the program. 

The r i g  was reassembled, and t h e  d i sk  f loa t ed  

A hot  a i r  f i l t e r  was purchased and i n s t a l l e d .  The r i g  was reworked 
t o  provide n ine  c i rcumferent ia l ly  loca ted  F i r  i n l e t  l i n e s  i n  place of 
the  one e x i s t i n g  i n l e t ,  t o  reduce l o c a l  hot spots. Thermocouples were 
i n s t a l l e d  t o  measure a i r  and metal temperature d i s t r i b u t i o n .  (See Figures  
40, 41, and 42). Since the  metal temperature d i s t r i b u t i o n  of the  r i g  bed 
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0.0315 0.023 

T 
15.40 
Dia 
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0.74 - 0.76 dia thru C / s i n k  
0.005 - 0.020 typical. 6 holes 
eq sp on a 0.125 dia B.C.  Loc 
within 0.002R of true DOS. 

0.3155 - 0.3160 dia thru. 
6 holes eq s p  on a 5.375 
dia B . C .  Loc within 0.002R 
of  true pos. 

Figure 37. Vent Hole Modification for Disk 
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Figure 38. Tota l  A i r  Leakage Vs. I n l e t  Pressure for -131 Seal  
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and bottom a i r  bear ing w a s  extremely discouraging, a redesign e f f o r t  was 
conducted t o  i s o l a t e  t he  bottom a i r  bear ing from the r i g .  
design (Figure 43) w a s  discarded because i t  was pressure loaded aga ins t  
t he  r i g  bed, and the p o s s i b i l i t y  of d i s t o r t i o n  s t i l l  ex i s t ed .  

The f i r s t  

S e a l  I n l e t  
Pressure Temp. 

(PSIG) (OF) 

15 3 7 35 

15 3 740 

15 3 740 

The second design,  which cons is ted  of a dup l i ca t e  of t he  top  seal 
(with a stepped face  but  no p la t ing)  supported on a bed of c o i l  sp r ings  
(See Figure 5 ) ,  w a s  completed and purchased. 
a i r  bear ing independent from t h e  r i g  bed. An assembly was made, and the 
seals were t e s t e d  s t a t i ca l ly ,  a t  room temperature. The a i r  bear ing d i sk  
f l o a t e d  f r e e l y  a t - a l l  i n l e t  pressures  between 22 and 180 psig.  The r i g  
was then  heated t o  790°F s ta t ica l ly ,  but d i r t  i nges t ion  again locked up 
the  d isk .  I t  w a s  la ter  found tha t  a l o c a l  high spot  ex i s t ed  on t h e  -131 
s e a l  face.  The high spot  w a s  lapped of f  by hand. 

This  design made the bottom 

System To ta l  
Disk Airflow 
(RPM) (SCFM) 

300 5 35 

850 5 30 

35 0 5 40 

The r i g  w a s  r e b u i l t  and heated t o  750°F a t  150 - 155 p s i g  i n l e t  
pressure.  
brought t o  300 rpm and held f o r  approximately one hour. Over a period 
of approximately one-quarter hour, speed w a s  increased t o  950 rpm. Over 
t h e  f i n a l  three-quarter  hours of running, four  rubs occurred, a l l  on the  
unplated bottom bearing,  w i t h  recovery a f t e r  each rub. N o  rubs  occurred 
on t h e  -131 tes t  seal. 

After  d i s k  freedom w a s  determined manually, the d i s k  speed was 

Inspec t ion  showed t h a t  the bottom a i r  bear ing had l o s t  a x i a l  clear- 
ance on a washer under a b o l t  head a t  t h e  same c i rcumferent ia l  l oca t ion  
as the  rub. A i r  leakage r a t e s  recorded during t h i s  test are shown 
below. 

F i r s t  -131 S e a l  Hot Dynamic Test 1 

The above test w a s  stopped becaube of excessive pressure  drop i n  t h e  
l i n e  a i r  f i l t e r ,  not  because of the  bottom a i r  bear ing rubs.  Inspec t ion  
of t he  f i l t e r  showed excessive carbon buildup. A t  t h i s  po in t ,  t h e  deci-  
s ion  w a s  made t o  i n s t a l l  a hydrogen-fired hot -a i r  sys t em because of t h e  
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5 Jam Nuts 1 Disk 
2 Press. Bal. Air Brg. 6 Cam 
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Figure 43. Bottom Air-Bearing Modification 

65 



d i r t  problem with the  e x i s t i n g  system, 
and seve ra l  buildups w e r e  made i n  an attempt t o  conduct hot dynamic t e s t i n g ;  
however, metal pickup on the  unplated f ace  of t he  bottom a i r  bear ing as 
i n l e t  temperatures were increased caused d i sk  hangup. 

The hydrogen s y s t e m  w a s  i n s t a l l e d ,  

The bottom a i r -bear ing  face  w a s  flame sprayed with titanium-aluminum 
oxide p l a t i n g  (See Figure 441, a s t e p  w a s  ground on the  f ace  p l a t ing ,  
reassembly w a s  done, and th ree  hot tests w e r e  completed a s  shown. 

late 

3/5 

3/7 

3/11 

Time 

1200 

1247 

1336 

1344 

1350 

2135 

2200 

2221 

2255 

2330 

0000 

0024 

1030 

1055 

1145 

1154 

1155 

Second -131 Sea l  Hot Dynamic T e s t  

P 
(PSHG) 

133 

137 

142 

142 

142 

155 

165 

170 

168 

170 

168 
--- 

T 
(OF) 

5 60 

5 96 

626 

626 

626 

660 

75 1 

7 12 

722 

a21 

a 19 
--- 

1162 

3000 

6200 

6200 

0 

0 

2600 

5700 

5800 

5720 

5750 

0 

0 

1800 

4500 

5 900 

0 

wa 
(PPS 1 

0,806 

0 e 945 

0.664 

0 665 

0.668 

0 e 672 
--- 

1,104 

0,852 

0 I/ 777 
--- 
--- 

Tota l  
Time 

1: 50 

2: 49 

1: 25 

Cum, 
Time 

1:50 

4 39 

6:04 

One hour and f i f t y  minutes of running t i m e  were accumulated on the  
first tes t ,  Maximum condi t ions  were 6200 rpm (630 ft/sec), 142-pSig a i r  
i n l e t  pressure a t  626'F, The test  was stopped because t h e  a i r  leakage 
rate w a s  r e l a t i v e l y  high,  and the  des i red  a i r  temperature of 750°F could 
not be reached. Inspec t ion  a f t e r  tes t  showed no evidence of seal touchdown. 
The excessive a i r  leakage r a t e s  were caused by excessive s t e p  height  
(0.0015 i n . )  on t h e  bottom a i r  bear ing and g a l l i n g  on the  p i s ton  r ings .  
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The s t e p  on the a i r -bear ing  face  was hand lapped t o  a 0.0006/0.0009- 
inch  he ight ,  the p i s ton  r i n g s  w e r e  reworked by hand, and t h e  r i g  w a s  
reassembled f o r  tes t ,  

The dura t ion  of the second run  of the second tes t  w a s  t w o  hours, 

Tota l  system a i r  leakage rate a t  t h i s  
fourty-nine minutes. Maximum condi t ions w e r e  5900 rpm and 170-psig a i r  
i n l e t  temperature a t  760'F. 
condi t ion  w a s  0.665 lb/sec.  The test  w a s  stopped t o  change over t o  a 
higher  pressure source on the  a i r  turb ine  d r ive ,  s ince  speed w a s  l imi ted  
t o  5900 rpm w i t h  the e x i s t i n g  system, Inspec t ion  a f t e r  test  showed a l l  
seal and air-bear ing p a r t s  t o  be i n  exce l l en t  condi t ion.  

Duration of t he  t h i r d  hot tes t  i n  the second t e s t  series was one . 

While opera t ing  a t  maximum condi- 
hour, twenty-five minutes. Maximum test condi t ions  were 5900 rpm, wi th  
170-psig a i r  i n l e t  pressure a t  746OF. 
t i o n s ,  the  top  shaf t  b a l l  bear ing f a i l e d ,  allowing the  a i r -bear ing  d i s k  
t o  o r b i t ,  causing a rub on the t o p  test s e a l .  I n  addi t ion ,  the cen te r  
shaft  l abyr in th  seals (Items 6 and 7, Figure 4) were destroyed,  and the  
d i sk  s h a f t  ( I t e m  4,  Figure 4) w a s  damaged. 

The above th ree  tests, comprising s i x  hours and four  minutes of 
running t i m e ,  demonstrate the opera t iona l  c h a r a c t e r i s t i c s  of the design 
a t  760°F, 170 ps ig ,  and 6200 rpm maximum condi t ions.  Replacement of t h e  
f a c i l i t y  b a l l  bear ing,  r ebu i ld ,  and f u r t h e r  t e s t i n g  w a s  stopped t o  con- 
serve funds, s ince  t h e  design p r inc ip l e  had been successfu l ly  proven. 
T h i s  stepped, hydros t a t i c  design w a s  s e l ec t ed  and approved by the NASA 
Projec t  Manager f o r  the  cons t ruc t ion  of the  Flight-Weight Sea l  Design. 
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SECTION V I  

Descr ipt ion 

TASK I V  - FLIGHT-WEIGH" DESIGN AND TEST 

Weight 
(Pounds) 

A. Design 

Hydrostat ic  s e a l  

P is ton  r i n g  

T h i s  phase of t he  program provided f o r  design,  manufacture, and test  
of a t o t a l  s e a l  assembly i n  a s tep-hydrostat ic  design concept s i m i l a r  t o  
the  -131 s e a l  ( r e f e r  t o  paragraph 4B) but w i t h  a separable  race and weight 
reduced t o  a magnitude acceptable  f o r  a f l i g h t  engine. T h i s  dec is ion  was 
based on the test experience gained from the  -131 and -333 sea l s .  The 
ac tua l  measured weight of the  f in i shed  p a r t s  shown i n  Figure 7 i s  a s  
follows: 

7.10 

0.70 

Sea l  race  p i l o t  I 5.02 

I 7.65 
Seal  housing 

Sea l  race  I 10.62 

TOTALS 31.09 

Weight 
(Lbs/In. Circumference) I t e m  N o .  

2 

3 

4 

5 

9 

0.0708 

0.1002 

0,0099 

0.1079 

0.1498 

0.4386 

The t o t a l  weight of the hydros t a t i c  s e a l  and p i s ton  r i n g  i s  approximately 
two and one half  t i m e s  less than s imi l a r  p a r t s  f o r  the  -131 sea l .  The -131 
hydros ta t ic  s e a l  and p i s t o n  r i n g  alone weighed 19.45 pounds. 

Basic mechanical design considerat ions were as follows: 

1. Hydrostat ic  Seal (Figure 7, I t e m  3) 

a ,  Pressure Deflect ions 

The a x i a l  and r a d i a l  l oca t ion  of the cen te r  of g rav i ty  of the  s e a l  
s ec t ion  was placed so t h a t  the  sum of a l l  r a d i a l  and a x i a l  moments taken 
about t h i s  cen te r  was zero.  Figure 45 s h o w s  the  fo rce  diagram and o ther  
da ta  pe r t inen t  t o  the  following procedure f o r  ca l cu la t ing  moments. 
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The loca t ion  of the  cen te r  of g rav i ty  (CGe) of the  s e a l  s t r u c t u r e  i n  
the  x-x and y-y planes was ca lcu la ted  by subdividing the  c ros s  sec t ion  i n t o  
incremental  a r eas  whose values  could be e a s i l y  ca l cu la t ed ,  then determining 
the  loca t ion  of the  CG of each ind iv idua l  a rea  w i t h  respec t  t o  an a r b i t r a r y  
plane and f ind ing  the  composite C G ' s  by the  following equations: 

m x  + m x  + - -  m N  - 1 1  2 2  n n  x =  _- m + m  + - -  m 1 2 n 

e 
mlYl + m2Y2 .+ -- mnYn 

1 2 n m + m  + - - m  Y =  

- 
where x = l oca t ion  of cen te r  of grav i ty  i n  t h e  x-x plane.  

and y = l oca t ion  of cen te r  of g rav i ty  i n  the  y-y plane. 
- 

m = incremental  area.  

x = d i s t ance  from a r b i t r a r y  plane t o  a rea  i n  x-x d i r ec t ion .  

y = d i s t ance  from a r b i t r a r y  plane t o  a rea  i n  y-y d i r ec t ion .  

The ac tua l  pressure fo rces ,  f ,  represented by t h e  vectored a reas  i n  
Figure 45 were then ca l cu la t ed  by the  following method: 

f l  = sp r ing  fo rce  (assumed 30 l b s  t o t a l )  

= (1 - h ) (P - po> A2, where A i s  t h e  i n t e r f a c e  area 
'f  2 i -o  i 2 

between the p is ton  r ing  and s e a l ,  

f 3  = (Pi - Po) A3, where A i s  the  a x i a l  pressure a rea  between 
3 

t he  p i s ton  r i n g  and s e a l  f ace  OD. 

= (pi - P ) (Xi) (A4),  where A4 i s  the  f ace  a rea  f r o m  the  
f 4  s .  

s e a l  OD t o  the  s e a l  face  s tep .  

f5 = (Ps - Po) As, where A = A4, 
5 

b 

f 6  = 
(Ps - Po) lo As, where A i s  the  f ace  area of the  s tep .  6 
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f 7  

f 8  

(Pi - Po) 

(P - Po) i 
(w D x 1. 

8 8  

1 = compress ib i l i ty  f a c t o r  (see paragraph 4B). 

Forces f through f were then resolved t o  equivalent  fo rces  per  inch 
of circumference a t  t he  r a d i a l  l oca t ion  of t he  composite C . G . ,  for example: 1 8 

f D  n n  F = o9 Eq (11) 

where D2 through D6 a r e  taken a t  t h e  cen te r  of g rav i ty  of the  respec t ive  
pressure  a reas ,@,  per  Figure 45 (D D ' and D a re  shown i n  Figure 45). 

1 9  7' 8 

The s e a l  s e c t i o n  and pressure a reas  were then designed so t h a t  the  
sum of a l l  p ressure  moments about the p a r t  cen te r  of g rav i ty  was zero,  a s  
follows: 

C M  

The stress and r a d i a l  s t r a i n  were then approximated by assuming the  
mass t o  be concentrated a t  t h e  CG of t h e  p a r t  and imposing an ex te rna l  
pressure a s  follows: 

LIP (x, + x 1 D 
8 g  s =  

t h 2m 

= 3342 p s i ,  when AP = 175 p s i  

S D  

2E 
- h g  OR - - 

= 0.00131 inch ,  a t  70°F 

m = t o t a l  a rea  of s e a l  cross sec t ion  t 
1 

OR = r a d i a l  s t r a i n  

Eq (13) 

E = Young's Modulus 

6 
= 28.4 x 10 p s i ,  for 300-series s t a i n l e s s  steel a t  70°F 
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b. A i r  Leak ge, Film Thic ess, and Servoforces 

Laminar flow a i r  l e  s i n l e t  a i r  pressure fo r  the  f l i g h t -  
re 46. Force versus  a i r  f i l m  th ickness  a re  weight s e a l  f ace  

shown on Figure 

These curves were ca l cu la t ed  by the same method a s  described i n  para- 
graph 4B f o r  t he  -131 s e a l .  

c. Thermal Clearance 

e the c learance  allowable between t h e  hydros t a t i c  s e a l  
(Figure 7 ,  Item 3) and the pis ton  r i n g  s e a t  on the  bore of the  s e a l  housing 
( I t e m  5 ) ,  an approximation was f i r s t  made t o  determine t h e  effect  eccen- 
t r i c i t y  has on hydros t a t i c  a i r  f i l m  thickness .  

Figure 48 shows the n e t  s e a l  servoforce,  AF, per inch of s e a l  circum- 
ference versus  o u t l e t  f i l m  opening,ho, f o r  an i n l e t  p ressure ,  P i ,  of 184.7 
ps ia  and a discharge pressure ,  Po, of 14.7 ps ia .  Neglecting t h e  e f f e c t  of 
curvature  gives  t h e  fol lowing a s  the a t  the  maximum and minimum 
c learances ,  which occur 18 O apar t  f o r  an e c c e n t r i c  s ea l :  

AF AP E 

Using t h i s  c r i t e r i o n ,  e c c e n t r i c i t y  which br ings  ho t o  zero  is: 

where: aF i s  from F i  

using E~ = 
from approximately O.OQ045 t o  O.OQO63 inch. 

t0.012 i n . ,  AF i s  approx mately 22.1 pounds, and ho ranges 

Assuming ? 0.01 -inch r a d i a l  c learance between the  s e a l  and t h e  housing 
balance diameter ,  and a mean c o e f f i c i e n t  of thermal expansion of 10 i n . / i n .  
OF for 300-series s t a i n l e s s  s teel ,  t he  A t  a t  which t h e  c learance i s  reduced 
t o  zero i s  the  following: 

A t  = = P06°F 
10 x x 22.256 

T h i s  A t  i s  extreme y small  when weighed i n  terms of a i r  i n l e t  temperatures 
i n  t h e  1000 t o  120 OF range3, but seemed ta, be a reasonable compromise when 
compared t o  the  increased p o s s i b i l i t y  of a s e a l  rub a s  e c c e n t r i c i t y  in- 
c r eases ,  and when c ared t o  the increased expense involved i n  t h e  manu- 
f a c t u r e  of a s e a l  held concent r ic  wi th  s i d e - f i t t i n g  s p l i n e s  o r  some s imi l a r  
method. 
attempt c o n t r o l l i n g  thermals  t o  prevent s e a l  i n t e r f e rence  a t  t h e  balance 
d i  ame t e  r 

The debis ion was made to hold the  c l e a r a n c e ' a t  tQ.012 inch  and t o  
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2. P is ton  Ring (Figure 7 ,  Item 4) 

a.  Pressure Balance 

Figure 49 shows the  pressure balance diagram f o r  the  p i s ton  r ing.  The 
following equat ions a r e  re levant :  

The force  ava i l ab le  t o  s e a t  t he  r ing  i n  an a x i a l  d i r e c t i o n ,  AJ,, is: 

A J  = J1 - J2 a 

The ne t  r a d i a l  s e a t i n g  fo rce  A J  is: r 

= (1 - X) (AP) x 

and, 
J = force  per u n i t  circumference 

= upstream pressure 
pi 

P = downstream pressure 
0 

Y1' Y2' and x = areas  per u n i t  of circumference 

h = gas compress ib i l i ty  f a c t o r  (see paragraph 4B) 

I n  order t o  prevent "hanging" of the  p i s ton  r i n g  on e i ther  the  bore or 
the  f a c e ,  the  following c r i t e r i a  must be m e t :  

- - 
A J r  > A J  Cf a 
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b. End Gap Clearance 

A clearance was provided a t  t h e  end gap of the  p is ton  r i n g  t o  allow 
c i rcumferent ia l  thermal growth without binding i n  the  bore of t h e  s e a l  
housing. The clearance was set a t  0.070 i n i t i a l l y ,  but l a t e r  changed t o  
0.100, to give approximately t h e  following allowable A t  (assuming the  mean 
c o e f f i c i e n t  of expansion of 300- s e r i e s  s t a i n l e s s  steel t o  be 10 x 
in .  / in .  OF a t  1000'F) : 

0,100 - 
A t  = = 141°F 

10 x IT DB 

= Bore d i a  of s e a l  housing = 22.562 i n .  
DB where, 

3. Race Design (Figure 7, Item 9) 

Some of the  design cons idera t ions  f o r  the  r o t a t i n g  hydros ta t ic  s e a l  
race were as  follows: 

a. I n e r t i a  Force 

The pressure balance of the  race  provides a ne t  a x i a l  fo rce  t o  s e a t  
the  race  aga ins t  t h e  r o t a t i n g  d i sk  (Figure 7, I t e m  1) a t  operat ing pres- 
sures .  This ,  of course,  i s  done t o  prevent gas leakage between the  d i sk  
and the  s e a l  race.  I t  was assumed t h a t  the  race must remain seated aga ins t  
the  d i sk  a t  a l l  p ressure  l e v e l s  above 5 p s i ,  &, t o  a maximum d i sk  speed 
of 7460 rpm, when f ace  runout on the  d i sk  is  2 0.002 inch once per  revolu- 
t i on .  The weight of t h e  s e a l  race  was estimated t o  be 11.67 pounds, and 
the  i n e r t i a  of t he  race was ca l cu la t ed  a s  follows: 

2 
F I = M w r  a 

- mass of race  where, M = - - wT 
g 

and, WT = weight 

w = angular ve loc i ty ,  radians per u n i t  t i m e  

r = d i s k  runout ,  half  amplitude 

FI = 35.74 l b s  

a 
k 
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The pressure sea t ing  a rea  ( A )  t o  provide 35 pounds s e a t i n g  fo rce  (F ) 
P P a t  5 p s i ,  &?, i s  the following: 

where F = FI 
P 

The s e a l i n g  rad ius  a t  t he  i n t e r f a c e  of t he  s e a l  race  and d i sk ,  t he re fo re ,  
must be placed t o  provide 7 square inches of pressure a rea ,  a s  follows: 

/”” 

i 
R2 R 1  

Race Pressure Seat ing 

+ R  
R1 2 and, 

where, R1 = l oca t ion  of s e a l i n g  rad ius  on a f t  sur face  of race  
k 

= s e a l  balance p i s t o n  rad ius  
R2 
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b. Pressure  Moments 

The s e a l  race  was designed so t h a t  the sum of t h e  pressure  moments 
a c t i n g  on the  race  i s  zero. 

I n  Figure 50, F4, F5, and F6 a r e  the  same f o r c e s  a s  shown on Figure 45. 
A l l  forces, F,  a r e  ca l cu la t ed  i n  the same manner a s  described e a r l i e r  f o r  
t he  f o r c e s ,  F, shown on Figure 45; i . e . ,  first c a l c u l a t e  ac tua l  fo rces ,  ( f ) ,  
and then  reso lve  t o  equiva len t  f o r c e s  (Eq 3) a t  the r a d i a l  l o c a t i o n  of t he  
p a r t  c e n t e r  of g r a v i t y  (0) shown on Figure 50 as  D . 

The p a r t  CG (0) i s  ca l cu la t ed  by the  same method a s  described f o r  t h e  

g 

s e a l ,  u s ing  Equations (1) and ( 2 ) .  

Mater ia l  is  removed from one f a c e  of t he  race i n  order  t o  s h i f t  t h e  
a x i a l  CG of t h e  p a r t  t o  a l oca t ion  which allows t h e  generation of a r a d i a l  
pressure moment, t he  magnitude and d i r e c t i o n  of which opposes t h e  net  a x i a l  
moments, and causes the  sum of a l l  moments t o  be equal t o  zero: 

a = m d  = O  
0 n n  

c. Cen t r i fuga l  Rota t ion  

The ma te r i a l  removal from the a f t  face of the  r ace ,  a s  described i n  
paragraph b above and shown i n  Figure 50, was done i n  a manner t o  prevent 
c e n t r i f u g a l  r o t a t i o n  of t h e  p a r t  due t o  the  unsymmetrical s ec t ion .  I t  
was assumed t h a t  t h i s  would be achieved if the  t a n g e n t i a l  stress across  
t h e  two sec t ions  were equa l ,  a s  follows: 

F i r s t ,  d iv ide  the  race  i n t o  sec t ions  a s  follows: 
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Neglecting the e f f e c t  of Poisson ' s  r a t i o ,  the  center sec t ion ,  s ince  
symmetrical, w i l l  expand uniformly i n  a c e n t r i f u g a l  f i e l d .  
i n  t angen t i a l  stress from R2 t o  R 1 ,  pu l l i ng  the  cen te r  s e c t i o n  outward, is  
equal  t o  the  stress d i f f e rence  from R4 t o  R3, pu l l ing  the  cen te r  s ec t ion  
inward, then the  composite s ec t ion  w i l l  expand uniformly i n  a cen t r i fuga l  
f i e l d .  

If t he  d i f f e rence  

The c e n t r i f u g a l  s t r e s s ,  sc, i s  the  following: 

s = PGR 
C 

and, by s u b s t i t u t i n g  Eq (23) i n to  Eq (22): 

where, p = weight dens i ty  

w = angular v e l o c i t y  

R = rad ius  

g = g r a v i t a t i o n a l  cons tan t ,  

and, s - s 
c l  c2 s - s  

c3 c4 

Subs t i t u t ing  Eq (24) i n t o  Eq (251, and cance l l i ng  out  the  constants  p ,  
g,  and W, gives the  following: 

2 2 2 R - R22 = R3 - R4 , and ( s ince  y ,  R1, and R4 a r e  known, and R = 
1 3 

R2 -y) t he  values  of R and R can be ca l cu la t ed ,  2 3 

d. Spl ine  P i l o t  Design 

C lose - f i t t i ng  f ace  s p l i n e s  were used t o  p i l o t  the  s e a l  
d i sk  i n  order  t o  maintain concen t r i c i ty  of the race  whi le  a 

race t o  the  
lowing f; t o  

grow f r e e l y  i n  a r a d i a l  (or c i rcumferent ia l )  d i r e c t i o n .  The p i l o t  i s  
formed by loca l  s p l i n e s  on the  I D  of the,  race (Figure 7 ,  I t e m  9 ) ,  which 
a r e  f i t t e d  i n t o  s l o t s  a t  the  OD of t he  race p i l o t  (Figure 2, I t e m  2) .  The 
race p i l o t  bottoms out aga ins t  t h e  d i sk  (Item l ) ,  al lowing a small a x i a l  
c learance between the  p i l o t  and the  s p l i n e  f aces  t o  prevent d i s t o r t i o n .  
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To prevent r o t a t i o n  of t he  race  sec t ion  about i t s  CG from the  c e n t r i -  
fuga l  load generated by the  s p l i n e s ,  the  s p l i n e  CG i s  located d i r e c t l y  under 
the  CG of the  race ,  a s  follows: p X 

FC 
Mo = F x, and, s ince  x = 0, M = 0 

C 

I n  order  t o  minimize f ace  d i s t o r t i o n  from the  r a d i a l  displacement due 
t o  t h e  c e n t r i f u g a l  weight of t h e  l o c a l  s p l i n e s ,  the  mass of the  s p l i n e s  was 
held small ,  and the  r a d i a l  displacement of the  race was ca lcu la ted .  

Radial  displacements were determined us ing  the  following equations: 

W 
i) W 

where, 6 = outward displacement a t  x = 8 
W 

6 = inward displ-acement a t  x = 0 

R = r ad ius  

0 
b 
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E = Young's Modulus 

1 = sec t ion  moment of i n e r t i a  

S = s i n  8 

c = cos e 
8 = angle i n  rad ians  

W = appl ied load 

Using s p l i n e s  a t  fou r  equally-spaced loca t ions  and s u b s t i t u t i n g  F f o r  
C 

W i n  Equations (26) and (27),  where: 

F = M 2R, 
C 

the  following displacements were ca lcu la ted  f o r  a r o t a t i o n a l  ve loc i ty  of 
7460 rpm: 

W 
6 

0 
'6 

+ 96 x i n .  

- 85 x i n ,  

6 - 6 = (96 + 85) x 
W 0 .  

-6 Since t h i s  displacement i s  approximately 10 x 10 inch per  c i rcumferent ia l  
inch ,or  60 times smaller  than t h e  hydros ta t ic  a i r - f i lm  th ickness ,  i t  was 
judged t o  be a s a f e  l i m i t .  

4. General Thsrmal Considerations 

This s e a l  design provides f o r  the  flow of a i r  past  t he  f ace  i n  a 
radially-inward d i r e c t i o n .  This i s  prefer red  t o  an outward-flow design 
because i t  i s  somewhat more f a rg iv ing  t o  thermals generated by shear  on the  
a i r  f i lm ,  inges t ion  of d i r t  p a r t i c l e s ,  and l i g h t  f ace  rubs. This type of 
heat  generat ion can cause an increase  i n  opera t ing  temperature a t  the  s e a l  
and race i n t e r f a c e s ,  and r e s u l t s  i n  de f l ec t ions  of s e a l  and race i n  the  
d i r e c t i o n  providing a converging flowpath. I n  t h i s  case ,  t he  i n t e r f a c e  
servoforce i s  higher  when h = 0 than f o r  a f l a t  f ace ,  provided the  thermal 
i s  uniform c i r cumfe ren t i a l ly ,  thereby giving add i t iona l  margin aga ins t  a 
rub. 
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B, S t a t i c  T e s t s  of Flight-Weight Design 

Inspec t ion ,  when rece ived ,  showed the  s e a l  f ace  t o  be g ross ly  out-of- 
f l a t .  Discussion w i t h  t h e  manufacturing source revealed t h a t  the  p a r t s  
were f l a t  w i th in  drawing to l e rances  per  their  inspec t ion  p r i o r  t o  shipment; 
however, they agreed t o  regr ind  the  seal. The p a r t  was hand c a r r i e d  t o  t h e  
manufacturer t o  review h i s  f i n i s h i n g  procedures. The a f t  f ace  of the  s e a l  
was f l a t  lapped under i t s  own weight,  T h i s  f ace  was then set aga ins t  a 
gr inding  f i x t u r e  which was s t i f f ,  properly ground, and ind ica ted .  The p a r t  
was held aga ins t  the  f i x t u r e  by means of f i n g e r  clamps which were t ightened 
w i t h  t h e  minimum Eorce requi red  t o  hold t h e  p iece  f o r  grinding. The p iece  
was reground, removed from the f i x t u r e ,  and inspected.  The f ace  t a p e r  was 
70 x inch  maximum, and t h e  maximum runout between t h e  sea l ing  f ace  and 
the  a f t  face  was 100 x inch.  The p a r t  was hand c a r r i e d  t o  General 
E lec t r ic  Company, where i t  was aga in  inspected and found t o  have developed 
a 320 x 10m6-inch t a p e r  (average) across  a 0.40-inch width on the  s e a l  f a c e  
(high a t  the  OD) and a saddle  of approximately 0.004/0,006 inch. The d i s -  
t o r t i o n  may have been caused by creeping due t o  gr inding stresses. 

The pa r t  was assembled for test with an average s t e p  height  of 0.001355 
inch ,  and no add i t iona l  rework. Film height  and s t a t i c  leakage r a t e s  were 
measured and recorded as  shown on Figures  51 and 52. Due t o  the  l a r g e  s t e p  
he igh t ,  the leakage was high and rework was done. Compare Figures  46 and 
52. 

The s e a l  s t e p  was hand lapped with a diamond s tone t o  t h e  drawing 
dimension of 0.0006 inch ,  and the  dual-fl ight-weight assembly (Figure 7) 
was made. When pressur ized ,  the  d i s k  ( I t e m  1) t i l t e d ,  causing the  s e a l  
( I t e m  3) t o  bottom ou t  aga ins t  t h e  t a i l  s ec t ion  of t he  s e a l  housing ( I t e m  
5 ) .  The cause f o r  the tilt  was t r aced  t o  loose f i t t i n g  p i l o t s  which 
allowed a cumulative stackup of e c c e n t r i c i t i e s  between the top  and bottom 
s e a l  balance p i s t o n  diameters of 0 ,042 inch ,  imposing a pressure moment on 
the d i sk .  The r i g  was r e b u i l t  a f t e r  s e t t i n g  up an i n d i c a t o r  base i n  the  
r i g  bed and i n d i c a t i n g  and shimming the p i l o t s  t o  obta in  concen t r i c i ty  a t  
t he  balance diameters.  

Another bu i ld  was made but  f r e e  r o t a t i o n  of the  d i s k  was not obtained. 
The cause was t r aced  t o  t h e  t o p  f l ight-weight  s e a l .  A t  two equally-spaced 
c i rcumferent ia l  l oca t ions ,  no s e a l  f ace  leakage could be detected.  Measure- 
ments of t h e  s e a l  f a c e  a t  t hese  loca t ions  showed the  OD of the  f ace  to  be 
wi th in  0.0001 inch  of t h e  plane of t h e  s t e p  a t  t he  I D ,  implying add i t iona l  
f ace  d i s t o r t i o n  from s t ress -creep .  The t o p  and bottom s e a l s  were then sen t  
out  f o r  titanium-aluminum oxide f a c e  p l a t i n g  and regr ind .  On t h e  subsequent 
bui ldup,  d i s k  r o t a t i o n  was obtained by hand but  drag was evident .  In- 
spec t ion  showed s l i g h t  scor ing  on the’face of the  top  s e a l  race (Figure 7, 
I t e m  9) .  Cleanup of t h e  race  was done by hand, reassembly was made, and 
binding again occurred. 
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Figure 51. Film Thickness of Flight-Weight Seal Vs. Seal AP 
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Figure  52. Face Leakage V s .  Inlet Pressure for Flight-Weight S e a l ,  
0,00133-Inch S t e p  Height 
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Before teardown, it was decided t o  heat  the i n l e t  a i r  t o  check out  
the  hydrogen burning system. 
was 750'F. This problem was t r aced  t o  a r e s t r i c t i o n  i n  t h e  hydrogen c o n t r o l  
va lve ,  and a l a r g e r  valve was ordered. 

The maximum a i r  i n l e t  temperature a t t a i n a b l e  

Inspec t ion  a f t e r  teardown showed evidence of l i g h t  rubbing between the  
OD of t h e  top  s e a l  f a c e  and s e a l  race.  The p o s s i b i l i t y  of a pressure r o l l  
on t h e  t o p  s e a l  and/or race  was considered. To check t h e  pressure r o l l  on 
the  r ace ,  t he  assembly d i r e c t i o n  of t h e  d i sk  w a s  reversed,  p lac ing  the  
f l ight-weight  race  aga ins t  t he  bottom seal and the f l a t  d i sk  su r face  aga ins t  
t h e  t o p  s e a l .  When pressur ized ,  very l i t t l e  f a c e  leakage could be de tec ted  
from the  top  s e a l  f ace ,  and i n d i c a t o r s  were set up t o  check f o r  pressure 
r o l l  on the  t o p  s e a l .  Resu l t s  showed a s l i g h t  tilt i n  a converging d i r e c t i o n  
which would tend t o  increase  f a c e  leakage, and not  t o  restrict leakage a s  
observed. A i r  leakage on the  bottom s e a l  during t h i s  test was high. The 
conclusion was reached t h a t  t h e  problem was not  w i t h  t h e  race .  The r i g  
was disassembled and t h e  s e a l s  were inspected.  A diverging (high a t  OD) 
f ace  t ape r  of 0.0008 inch was found on t h e  upper s e a l  and a converging 
0.011-inch t ape r  on the  bottom s e a l ,  These p a r t s  had been stress re l ieved  
i n  t h e  manufacturing process p r i o r  t o  f i n a l  machining, but  not a f t e r  f i n i s h  
machining or sur face  p la t ing .  I n  addi t ion ,  t h e  sur face  opposi te  the  s e a l i n g  
face  on the  bottom s e a l  showed a "phonograph" p a t t e r n  from a t u rn ing  opera- 
t i o n ,  while the  same sur face  on the  top  s e a l  showed a gr inding pa t te rn .  
This  evidence showed the  p o s s i b i l i t y  t h a t  the  previous heat ing t o  750'F had 
r e l i eved  r e s idua l  p l a t i n g  and/or machining s t r e s s e s ;  however, i t  was not  
reasonable t o  be l ieve  t h a t  stress l e v e l s  from p l a t i n g  and/or machining would 
be g r e a t  enough t o  d i s t o r t  the  bottom s e a l  by 0.011 inch, 

A t  t h i s  po in t ,  a dec i s ion  was made t o  stress r e l i e v e  t h e  s e a l s  i n  the 
temperature range required f o r  t es t ;  i e . ,  above 1000'F. The s e a l s  were then  
soaked a t  llOO'F i n  a i r  f o r  24 hours. 
t he  bottom s e a l ,  inc luding  a saddle  i n  the  order  of 0.025 inch and some loss  
of Metco 110 p la t ing .  I n  comparison, very l i t t l e  change occurred on the  top  
s e a l ,  Since pas t  experience had shown t h a t  opera t ion  could be obtained w i t h  
a f ace  saddle  of 0,005 inch ,  i t  was decided t o  assemble the  bottom s e a l  w i t h  
i t s  0.025-inch saddle  and check f o r  l i f t o f f .  Two bu i lds  were made, but 
r e s u l t s  were negat ive.  

This r e su l t ed  i n  gross  d i s t o r t i o n  of 

An attempt was then made t o  s t r a i g h t e n  the  bottom s e a l  by over-bending 
and stress re l i ev ing .  This  r e su l t ed  i n  a saddle  of 0,075 inch. The s e a l  
w a s  then  used a s  a b u f f e r  to ' check  t h e  hydrogen burning system, a f t e r  in-  
s t a l l i n g  t h e  l a r g e r  hydrogen con t ro l  valve, and then  discarded. 

A new bottom s e a l  was ordered, and the  o r i g i n a l  top  s e a l  was returned 
t o  the  vendor t o  s t r i p  t h e  p l a t ing ,  r e p i a t e ,  and regrind.  The vendor was 
in s t ruc t ed  t o  slow hea t  t h e  s e a l s  i n  a i r  t o  1000-1050'F, hold f o r  one hour, 
and slow cool  a f t e r  p l a t i n g  but  before  gr inding the  stepped face ,  In- 
s t r u c t i o n s  were a l s o  given f o r  the vendor t o  use the same machining process 
on a l l  major t ransverse  faces ,  
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I n  the  in te r im,  the  AIS1 4140 d i sk  (Figure 4 ,  I t e m  8) was shipped by 
NASA t o  a p l a t i n g  source f o r  app l i ca t ion  of flame-spray p l a t i n g  t o  the  t o p  
and bottom s e a l i n g  sur faces .  The d i sk  was returned a f t e r  p l a t i n g  and sub- 
sequent ly  ground. A s  received from the  vendor, the  p l a t e  th ickness  on one 
sur face  was approximately 0.004 inch and 0.012 inch on the  opposi te  sur face .  
I n  order  t o  c l ean  up t h e  th in ly-p la ted  su r face ,  some of the  p l a t i n g  was re- 
moved t o  base metal (see Figure 53). The heavily-plated su r face  presented 
no problem (see  Figure 54).  Visual examination of the  p l a t i n g  a f t e r  grind- 
ing  suggested a high degree of loca l ized  porosi ty .  Judging from v i s u a l  in-  
spec t ion  of gr inding  r e s u l t s ,  p a r t i c u l a r l y  a t  t he  sharp  OD edges where 
chipping of p l a t i n g  would be expected a s  a r e s u l t  of gr inding ,  the  bond 
s t r e n g t h  appeared t o  be good. 

The new bottom s e a l  and reworked top  s e a l  were f in i shed  and received 
by 26 September 1969. Three bui lds  were then made. The f i r s t  two bui lds  
were made us ing  the  newly-plated d i sk  and the  t h i r d  was made with the  
f l igh t -weight ,  wafer-type s e a l  race  and A286 d isk .  Hydrostat ic  support  
was achieved on a l l  t h ree  bu i lds ;  however, metal  pickup occurred while 
r o t a t i n g  the  d i s k  a t  very low rpm a f t e r  t h e  t h i r d  bui ld .  

The pickup was from t h e  f l ight-weight  s e a l  race  wafer,  which was not 
p la ted  and was found t o  be out  of f l a t .  The wafer was f l a t  lapped under 
load while  assembled on t h e  a i r  bear ing d i s k ,  and the  r i g  was reassembled, 
pressur ized  t o  170-180 ps ig ,  and run a t  approximately 100 rpm f o r  15 
minutes with no d i f f i c u l t i e s ,  

A s t a t i c  leakage test was conducted with r e s u l t s  as  shown on Figure 55. 
Leakage shown on t h i s  curve i s  t o t a l  s y s t e m  leakage. This inc ludes  the  
top  and bottom s e a l s  and p i s ton  r i n g s ,  p lus  leakage through four  r i n g  
f l anges  and approximately s ix ty- f ive  pipe connections between the  flow- 
measuring sec t ion  and the  test r i g .  The sudden change i n  s lope  on the  
curve a t  i n l e t  p ressures  above 140 p s i g  represents  increased j o i n t  leakage, 
p a r t i c u l a r l y  t h e  f langes ,  a s  detected by physical  observat ions.  

C. Room Temperature Dynamic Tests,  Flight-Weight Seal 

Two room temperature dynamic tests were conducted a s  shown below: 

* 
A t  s e a l  balance p i s ton  diameter 

RPM 

0 t o  2000 
2000 t o  2890 

0 t o  2000 
2000 t o  4000 
4000 t o  4086 

Velocity* Time 
(F t  /Se c )  (Hours) 

0 t o  197 0.25 
197 t o  285 0.91 

0 t o  197 0.05 
197 t o  394 0.35 
394 t o  403 2.05 
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Figure  55. Flight-Weight S e a l  and System Leakage V s .  dP 
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A l l  t e s t i n g  was done w i t h  an i n l e t  pressure of 175 psig.  Duration of t h e  
f i r s t  test was 1.16 hours,  w i t h  a maximum d i sk  speed of 2890 rpm. Coast- 
down t i m e  a t  t he  end of t h e  test was i n  excess of 20 minutes, Tota l  dura t ion  
of t h e  second test was 2.45 hours w i t h  2.05 hours a t  a d i sk  rpm between 4000 
and 4086. Maximum rpm was 4160, equivalent  t o  a sur face  ve loc i ty  of 410 f e e t  
per  second a t  t h e  balance p i s ton  diameter. 

No problems were experienced during the  f i r s t  tes t ,  or during powered 
opera t ion  of the second test;  however, l i g h t  rubs occurred on the  top  and 
bottom s e a l s  during shutdown a f t e r  the  second test. After  c u t t i n g  of f  the 
a i r  supply t o  the d r i v e  turb ine ,  t he  d i sk  f l o a t e d  f r e e l y  f o r  approximately 
f i v e  minutes. When a i r  w a s  supplied t o  the  turb ine  t o  r e t a r d  d i sk  r o t a t i o n ,  
the l i g h t  rubs occurred. The cause f o r  the  rub was determined t o  be l o s s  
of c learance between t h e  l abyr in th  t i p  on the  OD of the fl ight-weight s e a l  
(Figure 7 ,  I t e m  3) and the  s e a l  guide (Item 13). The l o s s  of c learance 
was due t o  worn and loose p i l o t  f i t s  between Items 10, 11, 13, 14; and 15. 
There was no detectable d i f f e rence  between s t a t i c  and dynamic leakage 
rates a t  175 ps ig  i n l e t  pressure during e i t h e r  test. Inspect ion a f t e r  
test showed burnish marks on both s e a l  f aces ,  but no damage. Some l i g h t  
s t r i c t i o n s  appearing on the  face of the  wafered s e a l  race w e r e  burnished 
with a near ly  dry  lapping r i n g  t o  remove any possible  high r idges.  

D. Hot Dynamic T e s t s  

I n  order  t o  reduce p a r a s i t i c  leakage experienced i n  the previous co ld  
tes t ,  rework w a s  done t o  the  s e a l  secondaries and a l l  pipe f i t t i n g s  and 
f langes.  The secondary balance pis ton diameters were polished t o  reduce 
p i s ton  r i n g  f r i c t i o n ,  and the  t ransverse  s e a l i n g  faces  of the p is ton  r i n g  
grooves i n  the  seal bodies were hand stoned. To preclude the  s e a l  binding 
due t o  l o s s  i n  c learance between t h e  l abyr in th  too th  and the  r i g  adapter ,  
a s  experienced i n  the  last  tes t ,  shim s tock was i n s t a l l e d  between the  
assembly b o l t s  and b o l t  holes  a t  s i x  c i rcumferent ia l  loca t ions .  Using 
the  s i x  t i g h t - f i t t e d  b o l t s ,  e c c e n t r i c i t y  between the top  and bottom seal 
balance diameters was reduced from 2 0.021 inch  t o  k 0.084 inch. The r i g  
was reassembled and pressure checked. Wherever poss ib le ,  leakage through 
f langes  and pipe connectors was eliminated. S t a t i c  leakage rates w e r e  
then measured and recorded (see Figure 56). The t o t a l  a i r  leakage rate 
through the  two s e a l s  and p is ton  r ings  was 335 scfm a t  175 ps lg  i n l e t  
pressure e 

During l i g h t o f f  of the hydrogen-burning system, i n  preparat ion f o r  
hot t e s t i n g ,  an extremely high pressure t r a n s i e n t  was developed, blowing 
out  a l l  the  gaskets  (wire) a t  the  r i g  f langes.  Inspect ion showed severe 
damage t o  the  top  seal, s e a l  housing, and r i g  adapter  (Figure 7 ,  I t e m s  3, 
5 ,  and 10). Damage t o  o ther  test  p i k e s  was minor, r equ i r ing  hand lapping 
only.  The balance diameter on I t e m  5 w a s  sever ly  out  of round, and the  
f langes  a t  the  s e a l i n g  face  between Items 5 and 10 were bowed between 
b o l t  ho les  and badly sprung. I t e m s  5 and 10 w e r e  reworked by machining. 
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Rework of Item 3 w a s  a l s o  done but  required removal of s u b s t a n t i a l  
material from the  seal face  so  t h a t  proper pressure balance of t he  seal 
sec t ion  w a s  doubtful.  
(Items 3 and 20). 

Two new seals were manufactured, one of each 

The r i g  w a s  reassembled, using a new seal above the d i s k  and the 
o r i g i n a l  s e a l  below the  d isk .  The d i sk  f loa t ed  f r e e l y  i n  t h e  pressure 
range of 55-175 ps ig  a t  room temperature. The a i r  hea ter  w a s  then f i r e d ,  
and i n l e t  temperature reached 800°F i n  s i x  minutes, and 950°F approximately 
twenty-five minutes l a t e r .  Approximately f o r t y  minutes la ter ,  w i t h  a i r  
temperature a t  965'F, a i r  pressure suddenly dropped from 140 t o  30 ps ig ,  
and temperature dropped t o  525OF. 

Inspec t ion  a f t e r  teardown showed t h a t  the 300-series s t a i n l e s s  steel 
c o i l  spr ings  (Figure 7 ,  I t e m  16) had yielded under the  s t a t i c  weight of 
t he  d i s k  (Item 1) a t  temperature. T h i s  allowed the  d i sk  t o  drop down 
approximately 0.20 inch  and caused the p is ton  r i n g  (Item 4) i n  the  t o p  
s e a l  t o  s l i d e  out  of t h e  balance p is ton  diameter i n  I t e m  5. I t  had a l s o  
been observed t h a t  while  a i r  temperature w a s  increas ing  (before the 
spr ings  y ie lded) ,  so were seal leakage rates. Since volume flow rate 
should decrease wi th  increas ing  a i r  i n l e t  temperature i f  s e a l  face geo- 
metry i s  cons tan t ,  a geometric change w a s  implied.  Measurement of seal 
f ace  contours showed t h a t  both seals had developed a converging t ape r  
(high a t  the  I D )  of the following magnitude (see Figure 2,  Lines 1 and 
2) : 

I t e m  Taper Milli-Radians - 
New Top Sea l  1.1 
Or ig ina l  Bottom Sea l  5.3 

The d i s t o r t e d  seal face geometry, p a r t i c u l a r l y  of the  bottom seal, 
accounts f o r  t he  increased seal leakage r a t e  w i t h  temperature increase.  

New Inconel X c o i l  spr ings  (Figure 7, I t e m  16) were procured, and the  
r i g  was reassembled w i t h  the new spr ings  and a new bottom seal t o  replace 
the  o r i g i n a l  d i s t o r t e d  par t .  
approximately 820'F. 
i nc rease ,  with the  high flow rate l i m i t i n g  any f u r t h e r  i nc rease  i n  a i r  
temperature. 
measured. 
The bottom s e a l ,  however, had developed a 14.8-milli-radian t ape r  (see 
Figure 57, Line 3) high a t  t he  I D .  
buted t o  t h i s  cause.  Since both the o r i g i n a l  and the new bottom seals 
now had d i s t o r t e d  f a c e s ,  but t h e  o r i g i n a l  bottom s e a l  t a p e r  w a s  less than 
the  t a p e r  on t h e  new s e a l  (5.3 and 14.8 mi l l i - rad ians ,  r e spec t ive ly ) ,  i t  
was decided t o  rebui ld  and attempt a run with the  o r i g i n a l  seal. 

A i r  i n l e t  temperature was brought up t o  
The a i r  leakage rate again increased w i t h  temperature 

The r i g  w a s  di.sassembled, and the  seal faces  were again 
N o  change i n  face  t ape r  could be de tec ted  on t h e  top  sea l .  

The high a i r  leakage rate was a t t r i -  
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Line 1 

Line 2 - Original Bottom Seal After Heating to 960°F 

Line 3 - New Bottom Seal after Heating to 820'F 
Line 4 - New Top Seal after Heating to lOlO'F 
Line 5 - Original Bottom Seal after Heating to 1010°F 

- New Top Seal after Heating to 960'F and 820'F 
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Figure 57, Thermal Distortion of Flight-Weight Seals 
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To compensate f o r  the expected increase  i n  leakage r a t e  due t o  the 
converging seal face t ape r  on the  bottom s e a l ,  t he  hydrogen flow con t ro l  
o r i f i c e  a rea  was increased. The r i g  w a s  r e b u i l t  and sys t em s t a t i c  leak- 
age rate was measured. The r e s u l t s  are shown on Figure 58. Tota l  leak- 
age rate,  a t  158 ps ig  i n l e t  pressure and room temperature f o r  two seals 
and p i s ton  r ings ,  w a s  833 scfm. Flow r a t e  w a s  o f f  s c a l e  on the flow- 
measuring equipment a t  higher pressures.  

The following hot dynamic test was then conducted: 

Flight-Weight Seal  Hot Dynamic Tes t  

I n l e t  I n l e t  
Press .  Tempo 
(PSI G) (OF) 

D i s k  
(RPM) 

Time 
(Minutes ) 

70 

100 

145 

160 

168 

RT/710 

710/806 

806/864 

864/1010 

1010 

0 

0 

0 

0 

0/1820 

2 

20 

8 

35 

10 

Af ter  reaching 1000°F a i r  i n l e t  temperature, t he  d i sk  speed w a s  
brought up t o  approximately 1400 rpm. A t  t h i s  point ,  d i sk  drag  increased 
and speed dropped t o  approximately 600 rpm. Additional a i r f low w a s  
suppl ied t o  the a i r  turb ine  d r i v e ;  disk drag  apparent ly  decreased; and, - 
speed w a s  brought up t o  1820 rpm. After  a sho r t  t i m e  a t  t h i s  speed 
(estimated a t  approximately one minute), d i s k  drag  again increased,  
gradual ly  dropping rpm. Turbine air supply w a s  increased with no 
apparent e f f e c t ,  and the  r i g  w a s  secured. 

Examination of p a r t s  showed the following: 

a)  Three rubs of varying r e l a t i v e  magnitude appeared on the  t o p  
seal face  (see Figure 59 and Figure 60, Areas 1, 4, and 5 ) .  The 
l i g h t e s t  and heaviest  rubs (Areas 4 and 1, respec t ive ly)  were 
accompanied by l o s s  of p l a t i n g  overspray on t h e  f ace  below and 
contiguous t o  the i n s i d e  rad ius  of t he  face  s tep .  P l a t i n g  w a s  
missing a t  the s a m e  r a d i a l  l oca t ion  i n  Areas 2 and 3. 

b) Face contour of the t o p  s e a l  w a s  measured a t  four  equally- 
spaced c i rcumferent ia l  locat,ions (not a t  rub a reas) ,  and no 
change was de t ec t ab le  (see Figure 57, Line 4). 

c)  A uniform 360' rub appeared on the f ace  of t he  wafer-type 
f l o a t i n g  seal race  (see Figures 61  and 62). 
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Figure 60. Flight-Weight Top Seal  Af t e r  Hot Dynamic Test P l a t i n g  Flaked Off 

101 



h 
In m co 
0 
M 
0 
0 
t- 
V 
v 

c, 
0 m 

a 
a, 
P 
P 
1 cr; 

a, 
0 m 
Ez 

102 



Figure 62. Flight-Weight Seal Race and Disk (Top) After H o t  Dynamic Test 
(C70030630) 
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d) The convergence of the t ape r  on t h e  bottom seal f ace  had increased 
from 5 , 3  t o  12.8 mil l i - rad ians  (Figure 57, Line 5). 

e) N o  rubs  occurred on the bottom seal (see Figure 63). 

f )  No rubbing occurred on the  bottom surface of the  a i r  bear ing 
d i sk  (see Figure 64) e 

Several  t heo r i e s ,  inc luding  bending under d i sk  weight and machining 
and/or p l a t i n g  stress relief,  were pursued i n  an e f f o r t  t o  determine the  
cause of t h e  d i s t o r t i o n  t o  the  bottom s e a l s .  The ca lcu la ted  stress due 
t o  bending moment from the d i s k  weight was approximately 500 p s i ,  which 
i s  not i n  t h e  order  of magnitude t o  cause permanent deformation, D i s -  
t o r t i o n ,  due t o  machining stress r e l i e f  and/or p l a t ing  stress r e l i e f ,  
was a p o s s i b i l i t y ,  based on past  experience;  however, a l l  three seals 
tested w e r e  processed and heat t r e a t e d  i n  i d e n t i c a l  manners, including 
stress r e l i e f  a f t e r  p la t ing ,  bu t  only t h e  two bottom seals became severely 
d i s t o r t e d .  

The above f a c t  pointed t o  the p o s s i b i l i t y  of a thermal in t e r f e rence  
between the  bottom seal (Figure 7, I t e m  20) and the  balance p is ton  dia- 
meter (Figure 7, I t e m  14). T h i s  appeared reasonably poss ib le  because of 
the extremely rap id  a i r  temperature response (room temperature t o  710°F 
i n  1-2 minutes) with the  hydrogen-burning system, the  l a rge  mass and heat  
s ink  of I t e m  14, and small mass and poor heat  s ink of the  seal (Item 20). 

I n  order  t o  evaluate  the  probabi l i ty  of d i s t o r t i o n  due t o  thermal 
in t e r f e rence ,  t he  s teady state temperatures of the  balance diameter were 
ca l cu la t ed  and are included i n  Appendix I. 

The s teady state temperature of the  fl ight-weight seal (Figure 7 ,  
I t e m  20) i s  estimated using measured a i r  temperatures from test a s  
f o l l o v s  : 

I A i r  Temperature, OF 

Lapsed Time Sea l  Upstream Sea l  
( M i  nut e s ) No. 1 Avg e Downstream 

2 

22 

30 

65 

710 I 555 633 

806 6 48 727 

864 7 95 830 

1000 904 ’ 952 

386 

5 40 

792 

918 

A t  

247 

187 

38 

34 

43 
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Figure 64. Flight-Weight Disk Bottom After Hot D y n a m i c  Test 
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' . 
t o  downstream i s  approximately 40OF. Since the  s e a l  has no hea t  s ink  
except t he  surrounding air (with t h e  possible  exception of t he  d i sk ) ,  
the  seal temperature w i l l  be between upstream and downstream temperature. 
I f  t h e  average temperature i s  used, t h e  seal temperature w i l l  be: 

With a i r  i n l e t  temperature a t  lOOO'F (average), t he  A t  from upstream 

40 
S 2 t = 1000 - - = 980'F 

E s t i m a t e  the  thermal growth of the  s e a l  and adanter:  

Using the  r e s u l t s  of s teady s t a t e  temperatures from Case 2, assume 
the  mean temperature of the  adapter  i s  the  average of t2 and t : 7 

Calcula te  t he  expansion of the  mean rad ius  of the  
the  mass i s  concentrated a t  the  mean diameter a t  which 

-6 inch  22.564 + 31.23 
2 = 9.0 x 10 X inch  OF 

adapter  , assuming 
point  t = tA: 

inch  (694.5 - 70)'F 
= 0.1510 inch 

Calcula te  t h e  expansion of t he  fl ight-weight s e a l  using t h e  esti- 
mated temperature of 980'F: 

-6 e = 9.4 x 10 x 22.564 (980 - 70) 
S 

= 0.1950 inch 

Since the  i n i t i a l  c learance between the  s e a l  and balance diameter 
w a s  0.022 inch  (diametral) ,  the  s teady state clearance wi th  i n l e t  tem- 
perature  a t  1OOO'F i s  as follows: 

C = 0.022 + eA - e 
S 

= 0.022 + 0.151 - 0.195 

= -0.022 inch  ( in te r fe rence)  

This  r e s u l t ,  of course,  i s  only an'extimate which w i l l  change wi th  
changing parameters-such a s  h as shown i n  Appendix I.  8, 

The above ca l cu la t ions  are f o r  steady s t a t e  only. Resu l t s  would be 
much worse during t r a n s i e n t s .  Comparing t h e  seal weight of 7 .1  pounds 

107 



t o  the adapter  weight of 95 pounds, i t  can be seen t h a t  the  hea t ing  r a t e  
of the seal w i l l  be a t  l e a s t  13,4 t i m e s  t he  heat ing rate of the adapter .  
I n  addi t ion ,  the adapter  has a s m a l l  heat  source i n  comparison t o  i t s  
o v e r a l l  weight and a la rge  heat  s ink ,  whereas the  s e a l  has a comparatively 
s m a l l  heat  s ink  and a heat  source covering near ly  i t s  e n t i r e  ou ts ide  
sur faces ,  I t  i s ,  the re fo re ,  accurate  t o  assume t h a t  the  in t e r f e rence  
between the seal and adapter i s  worse during a t r a n s i e n t  increase  i n  
temperature than during a s teady s t a t e  condi t ion.  

The above r e s u l t s  were corroborated by c l o s e r  inspec t ion  of t h e  
bottom s e a l s ,  revea l ing  the following: 

a. The diameter of t h e  seal a t  the p is ton  r i n g  groove had yielded 
0.023 inch  undersize on both bottom flight-weight seals. 

b, The balance diameter on t h e  r i g  adapter  had hard a x i a l  score 
marks a t  the regular ly  spaced gr inding peaks, 3604 around the 
circumference (see Figure 65, "Bottom Seal"). With the marks 
about the  e n t i r e  circumference, l o s s  of c learance i s  indica ted  
(not f ace  drag) ,  s ince  f ace  drag would pivot the  seal about t he  
r o t a t i o n  lock pin (Figure '7, I t e m  19) and cause a touch a t  one 
poin t  only. 

There w a s  a l s o  evidence of thermal in t e r f e rence  between the  top  seal 
11 and t h e  balance diameter. Figure 65, "Top Sea l ,  shows the same pa t t e rn  

a s  descr ibed above f o r  t he  bottom s e a l  balance diameter,  except t ha t  the  
marking does not pene t ra te  as deeply i n t o  the  m e t a l  surface.  The s t r eng th  
of t h i s  evidence s u f f e r s  somewhat, because the top  s e a l  was not locked 
aga ins t  r o t a t i o n  i n  the  hot dynamic test and, t he re fo re ,  could have been 
marked about the e n t i r e  circumference a s  a r e s u l t  of s e a l  ro t a t ion .  The 
marks, however, run i n  an a x i a l  d i r ec t ion ,  not c i rcumferent ia l ly ,  as would 
be caused by s e a l  ro t a t ion .  No evidence could be found t o  suggest r o t a t i o n  
of t he  seal. The evidence s t rongly  supports t h e  probabi l i ty  of thermal 
in t e r f e rence  a t  the time the rubs occurred, because p is ton  r i n g  f r i c t i o n  
alone probably could not r e s t r a i n  the seal from r o t a t i n g  f r o m  torque gene- 
r a t ed  during a rub, Thermal i n t e r f e rence  could. 

Additional evidence t o  support  the p o s s i b i l i t y  of thermal in t e r f e rence  
on the  top  seal i s  the  small c learance between the  seal and t h e  balance 
diameter. Clearance af ter  tes t  ranged from 0.013 t o  0.024 inch,  dia- 
m e t r a l l y .  
mate ly  64*F. 
adjustments i n  hydrogen con t ro l  pressure or changes i n  seal leakage rates, 
both of which occurred during operat ion,  Inspect ion a l s o  showed a rub 
mark encompassing approximately 80' t i r c u m f e r e n t i a l l y  on the I D  of the  
"Seal Guide" (Figure 7 ,  I t e m  131, 
too th  on the  OD of t he  d i sk  (Figure 7, I t e m  11, implying a rub between 
the  too th  and the  guide, 
inch, 

A cold c learance 'of  0.013 inch  would allow a AT of approxi- 
This  temperature v a r i a t i o n  would be possible  due t o  s m a l l  

The mark w a s  opposite t he  top  labyr in th  

D i a m e t r a l  cold c learance  i n  t h i s  area i s  0.061 
The d isk-shaf t ,  ball-bearing-outer-race clearance t o  the  r i g  was 
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Figure 65. Flight-Weight Seal Balance Dia- 
meters After Hot Test 
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0.012 inch,  t o  allow the  d i s k  t o  r o t a t e  on i t s  mass center .  
c learance could then  be 0.049 inch ,  less e c c e n t r i c i t i e s  from loose 
f i t t i n g  p i  l o t  s and thermals . 

The too th  

It is  conceivable tha t  a rub-induced moment or v ib ra t ion  on the 
d i sk ,  or small p a r t i c l e s  of loosened metal i n j e s t e d  i n  t h e  hydros ta t ic  
a i r  f i lm ,  may have contr ibuted t o  or caused t h e  s e a l  rub. 

The following i s  concluded: 

a. Deformation of the bottom seal was caused by thermal in t e r f e rence  
between the s e a l  and balance diameter. 

b. Deformation of the  bottom seal w a s  a main cont r ibu tor  t o  the  
inc reas ing  system a i r  leakage rate w i t h  temperature increase.  

c. The rub on the top  s e a l  may have been caused by any one or a 
combination of the  following: 

1. Thermally-induced in t e r f e rence  between the s a a l  and the  
balance diameter 

11 
2 .  In t e r f e rence  between the  r o t a t i n g  d i sk  and the  seal guide" 

r i g  adapter 

3. Inges t ion  of loosened p l a t i n g  i n t o  the  hydros ta t ic  a i r  f i l m  
a t  t h e  s e a l  f ace  



SECTION V I 1  

CONCLUSIONS 

Conclusions concerning the  use of hydrostatic/hydrodynamic-type 
compressor end seals must be made wi th in  t h e  framework of t h e i r  appl i -  
ca t ion  i n  gas turb ines ,  when compared with the conventional design prac- 
t ice  of l abyr in th  seal usage. The hydros ta t ic  s t e p  design w a s  ab le  t o  
m e e t  the program goal of 20 t o  1 reduct ion i n  seal leakage, when compared 
t o  a l abyr in th  seal des ign;  however, on the o the r  po in ts ,  such as relia- 
b i l i t y ,  a negative conclusion i s  evident .  Fur ther  development work w i l l  
be necessary before  t h i s  type of s e a l  approaches the r e l i a b i l i t y  of laby- 
r in th- type  seals, s ince  the  f a i l u r e  mode (when f ace  geometry i s  a l t e r e d  
by rubs or thermal warping) i s  d i sa s t rous .  On the  o ther  hand, the opera- 
t i o n  of t h i s  seal a t  600 f t / s e c  1000°F and 170 p s i  i s  encouraging enough 
t o  warrent f u r t h e r  considerat ion.  The biggest  problems i n  s e a l  operat ion 
were encountered i n  thermal d i s t o r t i o n  of the test r i g ,  d i s t o r t i o n  of t h e  
p a r t s  themselves due t o  improperly-relieved stresses, and the problem of 
instantaneous rubbing a t  high speeds. The a n a l y t i c a l  b a s i s  f o r  hydro- 
s t a t i c  s t e p s  i s  w e l l  known, and ca l cu la t ions  based on isothermal laminar 
assumptions were ab le  t o  pred ic t  f i l m  thickness  and flow rates except when 
these  condi t ions  were not present .  When f i l m  thicknesses  less than 0.001 
inch  e x i s t e d ,  laminar flow was present.  A t  f i l m  thicknesses  over 0.001 
inch,  flow could be ca l cu la t ed  i f  sonic  ve loc i ty  w i t h  a s u i t a b l e  nozzel 
c o e f f i c i e n t  w a s  assumed. 

Some of the separa te  conclusions from t h i s  program a r e  l i s t e d  below: 

1. The stepped, hydros ta t ic  seal (-131 or Flight-Weight design) has 
less flow f o r  a given f i l m  thickness  than the inherent ly-  
compensated type ( the  -333 seal), because of the  added p a r a s i t i c  
leakage f ea tu re  of inherent  compensation. 

2. A hard fac ing  of one or both p a r t s  i s  required t o  prevent damage 
during instantaneous high-speed rubs.  Hot or cold dynamic 
opera t ion  w i t h  uncoated metal w a s  not achieved. I t  w a s  es ta -  
b l i shed  t h a t  chrome carb ide  and t i t an ium and aluminum oxide 
coa t ings  worked successfu l ly .  

3. Operation of t he  step-type design was demonstrated a t  750°F, 
600 f t / s e c ,  and 170 ps i .  Fa i lu re s  of the s e a l  were due t o  
causes  such a s  thermal d i s t o r t i o n  of the r i g ,  removal of p l a t ing ,  
and f a i l u r e  of support equipment. 

4. The temperature, speed, and pressure l e v e l  can be extended beyond 
these  l i m i t s  i f  a s u i t a b l e  p l a t i n g  material can be found. 
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5. The hydros ta t ic  s t e p  f ace  has t h e  required f i l m  s t i f f n e s s  t o  
follow t h e  one p e r  rev  s h a f t  runout normally experienced a t  
22 inches of diameter and appears s t a b l e  a t  a l l  opera t ing  
condi t ions.  

6. The 0847985 NASA-design, hydrodynamic, Raleigh s t e p  seal shows 
promise, s ince  i t  is  a balanced design and has a much less 
d i sa s t rous  f a i l u r e  mode than t h e  stepped type. 

The following recommendations are made: 

1. * 

2 .  

3. 

4. 

Fur ther  work should be done on the stepped-type device a s  a 
high-speed a i r  t h r u s t  bearing. 

Construction of a balanced, hydrodynamic seal ( s imi l a r  t o  the  
0847985)  should be inves t iga ted  using carbon material f o r  use 
up t o  1000°F. 

Concent r ic i ty  f o r  the  seal body should be provided by means of 
r a d i a l  sp l ines ,  s i m i l a r  t o  those used on the  balanced runner, 
i n s t ead  of a diametral  f i t .  This  w i l l  improve the  tolerance 
of concent r ic i ty .  

Care should be taken t h a t  the  seal body i s  thermally i s o l a t e d  
from the rest of t he  equipment. 
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APPENDIX I 

STEADY STATE TEMPERATURE GRADIENTS FOR THE SEAL AM) HOUSING 

Following i s  a 1:l scale c ross  sec t ion  of t h e  r i g  adapter (Figure 7, 
I t e m  14): 

- 31.230 Dia 22.564 Dia 

Wire Gaskets 

- %a- 
Inside Outside 

The c r o s s  sec t ion  w a s  projected as follows, t o  s implify ca l cu la t ions  
of heat  flow area:  

Assumptions: 

tl = 1000°F = 

tg = 80°F 

No hea t  t r a n s f e r  a t  cross-hatched areas, s ince  an a i r  gap of 
approximately 0.020 inch  e x i s t s  a t  these  a reas ,  and the  mating 
adapters  are subjected t o  th; same A t ,  i n s i d e  t o  outside.  
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.Following are the  equations of heat flow: 

- 
e 

K a  2- 5 - ( t 2  - t5) 
'2-5 '2-5 - 

7 r r r 
- " rn - 

__c 

1 
r - -  - ( t ,  - t,) 
1 

1 

3 
= -  ( t 3  - t4) r H a ( t 3  - t4) Q3-4-= 3 3 

K a  4- 5 - ( t 4  - t5) Q4-5 - l4-5 

K a  5-6 
- ( t5  - t6) 

'5- 6 '5-6 - 

( t 6  - t7) 
- a6-7 

'6-7 '6-7 - 

1 

7 
- -  - (t7 - t 8 )  Q7- 8 8 7-8 (t7 - t 8 )  r = H  a 

Assume f o r  C a s e  1: 

Btu 

h r  f t 2  OF 

Btu 

hr f t 2  OF 

H1 - H3 = 20 

= 5  H8 

Btu ; (300-series S t a i n l e s s  S t e e l )  

h r  f t 2  OF/ft 
K = 9.6 

C i r c u i t  Analogy: 
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Heat flow areas: 

2 '17 (24.885' - 22.564 1 = o.589 f t  
2 

2 2 
(Do - Di 1 

- - -  '17 = -  
1 4 144 4 144 a 

2 
= A1 = 0*589 f t  a 2- 5 

2 (22.564) (0.6) = 0.2954 f t  d w  = -  144 
TT '17 

3 144 3 3 
= -  a 

2 (23.764) (0.6) = 0.3115 f t  'IT - -  '17 = -  
144 d4-5 w4-5 - 144 a 4- 5 

2 (24.160) (0.7). = 0.3695 f t  Tr = -  Tr = -  
5-6 144 d5-6 w5-6 144 a 

2 (31.23) (1.0) = 0.683 f t  TT '17 - -  - 144 (d7) '7 = 144 a 7- 8 

Length of heat f lowpaths : 

- - -  O a 3  = 0.025 f t  
'2-5 12 

l4-5 12 
= - 0.6 = 0.050 f t  

0.0458 f t  0.55 - - =  
'5- 6 - 12 

- - =  - 3*2 0.267 f t  
'6- 7 12 
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R e  si s tances  : 

hr OF = 0.0849 - 1 
rl = (20) (0.589) B t u  

hr OF = 0.00443 - 0.025 
r2 = (9.6) (0.589) B t u  

h r  OF = 0.1693 - 1 r =  3 (20) (0.2954) Btu 

0.05 hr OF = 0.01673 - B t u  r =  4 (9.6) (0.3115) 

0.0458 hr  OF = 0.01292 - r5 = (9.6) (0.3695) Btu 

0.267 hr OF = 0.0458 - (9.6) (0.608) B t u  r6 = 

hr  OF r =  1 = 0.293  tu 7 (5) (0.683) 

Total res i s tance :  

h r  OF 
B t u  = 0.41212 - 

Total  heat flow ra te :  
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Temperature d i f fe rence  between nodes: 

A t  = Q r  

Atl-5 = (2234) (0.0604) = 134.9OF 

= (2234) (0.01292) = 28.83OF At5-6 

A t 6 - 7  = (2234) (0.0458) = 102.20°F 

'(It7-8 = (2234) (0.293) = 654.0°F 

Q1-5 -k Q3-5 = 2234 Btu/hr 

hr  OF = r1 + r = 0.08933 - 
2 B t u  

r 1-5 

hr OF = r3 + r = 0.18603 -- 
4 Btu  

r 3- 5 

'Oo0 - 865 = 
0.08933 1512 Btu/hr - llt1-5 

r 1- 5 
Q1-5 - - = 

- 
&3-5 - 

At3-5 1000 - 865 
r 3- 5 0.18603 

A t l - 2  = Q1-2 rl = 1512 (0.0849) = 128.3'F 

At2-5  - - Q2-5 r2 = 1512 (0.00443) = 6.7'F 

- - Q3-4 r3 = 725 (0.1693) = 122.8'F 

At4-5 = Q4-5 r 4  = . 725 (0.01673) = 12.2'F 

Case 2, h8 = 10 Btu/hr f t 2  OF: 

hr OF r7 = 0.1465 - B t u  

h r  OF r = 0.26562 - T B t u  

k 

725 Btu/hr 
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= 3462 Btu/hr 920 
0.26562 QT = 

A t l - 5  = (3462) (0.0604) = 209.3'F 

= (3462) (0.01292) = 44.S°F 

A t 6 - 7  = (3462) (0.0458) = 158.7OF 

A t T m s  = (3462) (0.1465) = 507.5OF 

209e3 = 2341 Btu/hr - 
'1-5 - 0.08933 

- 209e3 = 1121 Btu/hr '3-5 - 0.18603 

* A t l - 2  = (2341) (0.0849) = 198.9'F 

At2-5 = (2341) (0.00443) = 10.4OF 

At3-4  = (1121) (0.1693) = 190.4OF 

Summary of rig adapter steady s t a t e  temperature: 

t 8  
t ?  
t 6  
t 5  
t 4  
t 3  
t 2  
t l  

Case 1 
hg = 5 

(OF) 

80 
734 
836 
865 
877 

1000 
872 

1000 

Case 2 
h = 10 8 
(OF) 

80 
5 88 
746 
791 
8 10 

1000 
801 

1000 
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APPENDIX I1 

a 

b 

A 

Ai 

AO 

AS 

A 
P 

C 

C 

cf 
CG 

d 

D 

DB 

Di 

DM 

DO 

D 
g 

A 

R 

e 

e 

E 

ER 
f 

F 

FC 

FI 

FS 

FU 

F 
P 

2 H e a t  t r a n s f e r  a rea ,  f t  

Moment arm, inches 

Pressure a rea ,  i n .  
2 

Face a rea  along i n l e t  flowpath, i n .  

Pace a rea  along o u t l e t  flowpath, i n .  

Pressure sea t ing  area, i n .  

Balance p i s ton  sea t ing  area, i n .  

Clearance, i n .  

Cosine 0 

Coeff ic ien t  of f r i c t i o n  

Center of g rav i ty  

Diameter, f t  

Diameter, i n .  

Balance p is ton  diameter (bore of s e a l  housing), i n .  

Diameter a t  CG 

Mean diameter of i n l e t  flowpath, i n .  

Mean diameter of s e a l  face ,  i n .  

Mean diameter of o u t l e t  flowpath, i n .  

Thermal expansion of adapter, i n .  

Thermal expansion of s e a l ,  i n .  

Young's Modulus, pounds/in. 

Radial  e c c e n t r i c i t y ,  i n .  

Actual gas pressure fo rces ,  pounds 

Equivalent gas pre.ssure fo rces  a t  CG 

Cent r i fuga l  fo rce ,  pounds 

I n e r t i a  fo rce ,  pounds 

Pressure s e a t i n g  force ,  pounds , 
Pressure fo rce  t o  s e a t  seal, pounds 

Pressure fo rce  t o  unseat s e a l ,  pounds 

2 

2 

2 

2 
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AF 

g 

G 

h 

hi 

hO 

Ah 

H 

I 

J 

k 

1 

L 

Li 

0 
L 

m 

t m 

M 

MO 

0 
aM 
P 

'h 

pi 

pS 

ApM 

AP 

q 

"1 
q0 
Q 

N e t  f o rce ,  pounds 

Accelerat ion due t o  grav i ty ,  in . / sec  

Rat io  of c e n t r i p e t a l  force  t o  per u n i t  weight, dimensionless 

Distance separa t ing  p a r a l l e l  p l a t e s  

Film thickness  a t  i n l e t  t o  seal, i n .  

Film thickness  a t  seal e x i t ,  i n .  

S tep  dfmension on s e a l  face,  i n .  

Film heat t r a n s f e r  c o e f f i c i e n t ,  Btu/hr f t 2  OF 
4 Moment of i n e r t i a ,  in .  

Pressure fo rce ,  pounds/circumferential inch  

A i r  f i l m  s t i f f n e s s  , pounds/in. 

Length of heat  flowpath, f t  

Length of '  a i r  flowpath, in .  

Length of i n l e t  a i r  flowpath, i n .  

Length of o u t l e t  a i r  flowpath, i n .  

Incremental  a rea  of c ros s  sec t ion ,  i n .  

Tota l  c ross -sec t iona l  area, i n .  
2 Mass, pound sec / in .  

Moment, inch-pound 

Sum of moments, inch-pounds 
2 

Standard atmosphere, pounds/in. 

Hydrostatic pressure,  pounddin.  

Pressure a t  i n l e t  t o  seal f ace ,  pounds/in.2, absolute  

Pressure a t  e x i t  of seal face ,  pounds/in.2, absolute  

Pressure a t  i n l e t  t o  face  s t e p ,  pounds/in.2, absolute  

Pressure d i f f e rence ,  pounds/in. 

Manometer gauge readings,  in .  

Standard volume a i r f low r a t e  

Standard volume a i r f low ra$e a t  i n l e t ,  in.3/sec 

Standard volume a i r f low r a t e  a t  e x i t ,  i n .  /sec 

H e a t  flow r a t e ,  Btu/hr 

2 

2 

2 

2 

2 

3 
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r 

r 

R 
a 

S 

S 

C 

h 
S 

t 

T 

Ti 
U 

U 

W 
i 

wT 
X 

x- x - 
X 

Y 

Y-Y 
Y 

CY 

W 
6 

0 
6 

0 

h 

P 

OR 
w 

Resis tance t o  heat  flow, h r  OF/Btu 

Face runout,  1/2 amplitude, i n .  

Radius, i n .  

Cent r i fuga l  i n e r t i a l  stress, pounds/in. 

Hoop stress, pounds/in. 

S ine  0 

Temperature, OF 

Absolute temperature,  OR 

Absolute temperature a t  seal i n l e t ,  O R  

Absolute v i s c o s i t y  

Absolute v i s c o s i t y  of i n l e t  a i r ,  pound sec/in. 

Weight , pounds 

To ta l  weight, pounds 

Distance i n  x-x plane, i n .  

Horizontal  plane 

Composite CG i n  x-x plane 

Distance i n  y-y plane, i n .  

Vertical plane 

Composite CG i n  y-y plane 

2 

2 

2 

Mean c o e f f i c i e n t  of thermal expansion, in.in.OF 

Outward displacement, i n .  

Inward displacement,  i n .  

Angle, rad ians  

Gas compress ib i l i ty  f a c t o r  

Weight dens i ty ,  pounddin.  

Radial  s t r a i n ,  in'. 

Angular ve loc i ty ,  radians/sec 

2 
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